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SUMMARY 


This program was to analyse, design, and evalute vavoKuldocompononMatll 
CHs JZimJu for operation with . CH power lovol gj ;o.ter £.n ?T 

ot a spacoborna high power microwave transmitter in geostationary^^ ^ 

S5u C t^n SSSoS! S l U»°S r d“?“tlon for a high power signal, minimum weight 
ei“eC SSTSirSSS appllcablUty to a spaeeborn. high power transmitter, 

Th« deal ro Study Included evaluations and concepts for harmonic filters, 
power monitor s^fo^both^orward and reverse 

simultaneous transmission, thermal control.electricalbreakOown.ene,^, 

voltage DC waveguide blocking flange, and ^ e ‘upportingf to operate 
flanges , end rf seels. The assembly was to ^'^“““^‘de.igne'of opti- 
as a high vacuum waveguide in 8 P a ® e * . ... vo i taae pc blocking flange was 

mum components for each item, except that the 8 vacuum at high rf 

excluded . The cocponent. were ...ambl end o^.^/f^uency, end extrap- 
olation operation at the two design frequencies 

of 12 and 2.64 GHz. Final testing was for rf leakage. 

Conventional silver plated aluminum £ ave ^® . w1 ^ ^u^as^ex^t the 

tsr stress 

entire approach. A unique leaky wall harmonic filter was oeve ^p , rela- 

filter techniques for optimum performance. The forwa rd power mon 
tively straightforward cross-guide coupler development, of m 

had more severe requirements, including a face p multi-aperture directional 

2^^J2S^S£iggS£ i 

be corrected in subsequent models. 

A special breakdown test section permitted^, high p^r^evaluetlon of^.lec-^ 

trical fault sensors in a vacuum environment. Ttte . . miiltlnactor 

that three sensor, should be used to observe the ” “ 

breakdown or -rcing; these were the «™ r “ « Ss Share muUlpect- 

siTtS-iSSt’isJra^n^ kxs sss’- ™- 

ated into the waveguide asseinbly. 

Bench tests indicated a somewhat greater Insertion l »s. ehan^xpected^at^ 

r£c£SS'‘ IS”. ^cuiS'SSSu”^! ih. llXr overheated, and the 
SSsoSSSSSlS tlrSnd irises was discovered. These irise. were restricted to 


l 


dielectric loading in the design that evolved; a different approach eliminating 
the diolocfcric feo avoid the overheating his been auggeafcad, 


The waveguide assembly was tested at 3.5 kW (CW) 61 hours with no indlca- 
tion of difficulties. Power was increased briefly to about 8 kW with only a small 
accompanying Increase in outgassing. A magnetic field was applied with no detect- 
able ef foots. The final test was for rf leak ^o. One of the *l*nges had some 
leakage, indicating that the facing of the flanges prior to assembly is critical, 
and should be performed very carefully. The other flanges, when carefully tight- 
ened, had no detectable leakage at the -122 dB level* the components were rf tight. 


The general conclusions were that the components as developed were appropri- 
ate for a long life satellite system incorporating a high power transmitter. Scal- 
ing of effects to 12 and 2.64 GHz showed they should both be acceptable frequencies 
for adapting the 8.36 GHz components as developed. Specific recommendations for 
the two design frequencies include design changes for the diplexer to permit high 
power operation, smaller harmonic filters and power monitors for the 2.64 GHz 
case where size may be critical, and other techniques which could improve individ- 
ual components. Mechanical testing and extended thermal testing to simulate 
eclipse conditions are also recommmended for subsequent programs. 
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SECTION I. INTRODUCTION 


1 . 1 BACKGROUND 

This program is one of a number of feasibility studies being implemented to 
evaluate high power radio frequency transmission problems and * r ° m hl ah 

satellite to earth. Specifically covered are the waveguide components for a high 
p^er microwave transmitter. Typical applications are c^unlcations eatellites 
for voice and data communications. The results have a direct applicability to 
future power microwave space transmitter systems. 

The application of Satellites for communication relays has been well demon- 
strated by the INTELSAT series as well as by other similar satellites. > 

these required large and expensive ground stations as a consequence of thel w 

transmitters used , up to a few watts. In addition the 4 GHz and 6 GHz bancs 
used are becoming crowded which makes the higher frequencies around 12 GHz more 
attractive, particularly for domestic and special services. The 2.6 GHz region 
ha s r b een id ent if ied as Lving potential for effective satellite syste^ particu^ 
larly where costs and heavy rainfall are critical factors (ref.l)» 8 

is a crowded area of the spectrum. 

Canada is presently developing a 200 watt 12 GHz experimental satellite, 
died tha Communication Technology Satellite, which will proytie b aalc experience 

for developing this frequency region for higher power systems. J“"on «veral 
for supporting operation in this region also are being investigated on several 

NASA Lewis Research Center contracts. 


1.2 SCOPE OF EFFORT 

This program was to analyze, design, and evaluate space-oriented waveguide 
components applicable to frequencies from 2.6 to 12 GHz at a power level above one 
kilowatt, in support of spacebome high power microwave transmitters in geo station 
ary orbits. The general relationship of the rf subsystem to the overall satellite 
system is shown in Figure 1.1* 

The program was directed at the development of waveguide components required 
in a h“h ^satellite transmitter to inaura continuoua operation over a 5 year 
life. The components specifically included in the program were. 


Waveguide, Flanges, Gaskets, and Venting 
Harmonic Filter ^ , _ 

Power Monitors for Reflected and Transmitted Power 

Dip lexer - Two Channel 

Mounting Plate for Thermal Control 


Fault Sensors 

High-Voltage DC Isolation Flange (Analysis Phase -not fabricated) 
Special Breakdown Test Section (for calibration only) 
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FIGURE 1.1 Relation of Program to High Power 
Satellite Transmitter System 


Each of these items was analyzed and evaluated in terms of overall system *equire- 
rnents the fabricated components were assembled and tests performed to satis y 
S” basic requirements for high power operation in the high vacnom environment of 

space e 


1.3 SYSTEM IMPLICATIONS 

The primary purpose of the program wa. to develop and test .ppro|«*it. weve- 

are^fundatMnta^factiro^for^n^high^ include 

electrical relations Interfaces fundamental in achieving good 

the output power amplifier tube, antenna, and the protec tive^ntrolclrcry . 
The thermal effects of the waveguide components are also °^° r ^%^^tial 
power transmitter's losses may create an overall thermal problem of a substantia 

magnitude. 
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1.4 APPLICABILITY TO OTHER SYSTEMS 

The waveguide component designs can bo extrapolated toothorCroquonolofl by 
direct wavelength scaling in most cases . Performance at other frequencies ™ 
o red ictable through the use of scaling functions derived in this program. Specific 
designsweredeve loped for 2.64 and 12 GHz, the two required design frequencies, 
and at 8.36 GHz which wa. tha taat ftaqaancy, used becauaa 

availability. The components are applicable in gmetalto *»£ waveguide 
transmitter operating in the microwave frequency spectrum and using waveguide 

transmission. 

1.5 PURPOSE AND GENERAL REQUIREMENTS 

This nroeram was established to determine the feasibility, design, and 
perforraance^of^vlta^wavcgulde advents for future 

s 1 wui rari^rirt^iifrthrroo^t « w - « 

GHzThe objective power lev. la for some of the 12 GHz tube, now under development 
bv NASA are in the one to two kW range! the reference equivalent testing 
5Jft thi. program wa. 1.5 kM at 12 GHe. The component dMi^s developed w 
be directly applicable to communications satellites of this or higher eran „ onm 
poweiH Performance prediction, can be made for waveguide subsystem, at frequen- 

cies above 12 GHz if desired. 

Results permit straightforward design and fabrication of compone nts for a 
selected frequency. In limited instances, normal manufacturing tolerances, 
materials variations, and extreme theoretical complexity may u th to 

design iterations, as exact designs are not possible. Means for handling these 
minimize additional engineering are defined in this report. 


1,6 APPROACH AND PROCEDURES 

The program was directed at tU development of waveguide components for 12 
and 2.64 GHz, possible frequencies for future high power communication satel^ 
lites. Initial emphasis was placed on the 12 GHz b ®” d » b ^"° f ^®J cy> £ he 
source was available to evaluate waveguide ^nents 3 f G S^he” ^^mblnation 

experimental assembly, therefore, was deve lope „ a A lflhle for environmental tests, 

of a 5 kW source and a large vacuum chamber was available tor env 
Analytical scaling for component designs at the two design frequenc e 
of this program. 

The approaches for Individual components are directly related to requirements, 
with a consideration for materials suitable for space systems. *” 

JSr sag* 

lt%w*ch^ked^or* l pLaibl«%f*^eka#. r i^.rf.r«c«t W *Th.*compoa«*ts*w.t«*dev.lop*i 

to meet the specifications as listed in the next Section. 
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SECTION II. SPECIFICATION^ AND CONSTRAINTS 


2.1 SPECIFICATIONS 

The requirements for the subsystem and Its components are as follows: 

2.1.1 General 

. Ocerata la a simulated apace environment! subsystem to be capable of * J ve 
year life In geostartloniry orbit while operating contlnuouely at rated 

power. 

• Space Environment: 

Utilise open construction (as opposed to pressurized sej^d enclosure) 
Materials oust have negligible outgasslng; multlpactor breakdown may 
require low Secondary emission waveguide wails. 

One week dormancy In orbit before high power applied. 

e launch Environment: 

Shock «* 30g for 8 msec. 

M nSjiHn'-VS^ioTdO Hz ) 2g from 70 to 2000 Hz 
Temperature - 323°K (50°C) ambient In satellite. 

e Signals (frequency* bandwidth* power) 

12 and 2.64 GHz design frequencies} experimental components at selected 
Intermediate frequency (used 8.36 GHz) 

Bandwidth (no dlpLxer) - OJ £ at 

Haraonlcs'from ^^llfler more than 20dB below fundamental 
e Magnetic Field Environment 

Simulate leakage from magnetic field of TWT per Figure 2.1: 

B. 


Bo 


5 KG for 12 GHz 
1 KG for 2.64 GHz 


w.*.— required la equivalent to field at one waveguide width from TWT 


wlta 



FIGURE 2.1 Test Magnetic Field Distribution 


• Temperature in Orbit 

Ambient in satellite nominally between 313°K (40°C) and 323°K (50°C) 
in eclipse, may drop to 193<>K (-80OC) for one hour. 

2.1.2 Subsystem Operating Requirements 


• Impedances, Input and Output 

Match to WR.75 for 12 GHz} to WR340 for 2.64 GHz 
VSWR of source (tube) ■ 1.2 max. 

VSWR of antenna line ■ 1.1 max. 


• VSWR 

Less than 1.05 at center frequency (matched load) 
Less than 1.15 over band (per 2,1.1 above) 

Second Harmonic: less than 1.5 
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o Weight 

Objectives 


<13.9 kg (33 pounds) at J 2 GHz 
<20.6 kg (45 pounds) at 2.64 GHz 


° 81a objoctlve: <8194 cm* (500 in;*) at J 2 GHz 

J «s 13, 000 cm 3 (800 in3) at 2.64 GHz 

o Insertion loss 

Objective: <0.5 dB at carrier; <0.3 dB (7%) variation over 

bandwidth (less diplexer) m rm*) 

With diplexer, <1.5 dB at carrier (1Z GHz) 


o RF Leakage 

Less than -80 dBw at design power level (1.5 kW) 

o Venting 

As required; TBD. 

2,1.3 Component Require ments 

• Waveguides and Flanges 

As required to meet above subsystem specifications 

* High Voltage DC Isolation Flange 

Insulation for 10 kV while conducting 1.5 kW rf power 

Meet leakage specifications of Section 2.1.2 above 

“ote; this component not fabricated; eee Section. 3.3.8 and 5.8) 


Harmonic Filter 

Attenuation shall exceed: 


30 dB at 2f c 
20 dB at 3f c 
10 dB at 4 and 5f ( 


VSWR at 2f less than 1.5 
(Measurement required at 2f c only) 

Power Monitors 

Forward Accuracy ■ 0.5 dB (11%) . . ... 

Reflected Accuracy - 1.3 dB with directivity of about -51 dB at 

carrier and -41.8 dB across band 
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• Diplcxnr 

- „ nBn hiiitv - 1.5 kW In either input port 

or « 0.75 kW in oaeh port nlraultancouBly 
Bandpass characteristic and isolation per FiRure 2.2 

2.1.4 Scaling of Spociflenf to a « 36 GHjL 


, ij.M #nr 12 and 2.64 GHz; broadboarding and tests 

All specifications wore listed *®J. “ “” fl ^ 0 T nter ~otation of data, scaling 
were performed at 8.36 GHz. For compatibility ® . f JJJion at the test frequency 

functions were used to determine an d f a 12 GHz component. Scaling is 

to achieve the same P«formahce as expected from a derlve a0 me equivalent 

discussed in Sections 3.2.3 and 5.9. These were ««« 
specifications as follows* 

tests ; other power, for break- 

down tests only) 

g 27 - mo s5» 

Dip lexer Bandpass: Scale from 12 GHz 

^ir^Uh! r, £*£•»«* £I , u „ clM 

SyS— * IB the -re severe of the two 

cases) . . _ r> _ e vr> <n tMcmre 2.1 


Magnetic S Field Environment: B Q » 5 KG in Figure 2.1 

Other speclflcetlone were the .ewe for both frequencies, end the sews velue. ere 
used for the 8.36 GHz test frequency. 

2.2 TEST REQUIREMENTS AND CONSTRAINTS 

Teste were to be performed et a convenient «-« — • 

Power levels of ^ re ? 1 ™ t ” re ( r°' 1 e h^ee tests, the fecility was a 5 kW 

SgTS KftS stender^Wll^weveguide wee used^ end seeling ieetore^ 

z :e l i:^:rsxnt^"re.s rs/ss*. «■•*>* ««. 

Bench Teste - Matching end insertion lose tcBts,^fecuum not req“ tr _ j ollowed 

Vacuum Test. - Breekdown, outgee.iw. e^high-P«er ^ . Tht , 

by a 60 hour run at r «ted°r higher P ffect J veneB8 of materials selection 
test was to determine 1°®® ' magnetic field on vacuum operation, 

— • **• that ■* be 

Anechoic^hsmber the rf leekege level of the fundementel 

and second harmonic* 

Test puns were required prior to developing the flnel rf components. 
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2.64 GHz 



Isolation Requirements of Dip lexer 











2.3 FINAL DESIGN 

A design with drawings and fabrication data Is /“J^to ^direct ** 

designs . 
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SECTION III. RESULTS 


3.1 SUMMARY OP RESULTS 

Tho wavoftuldo Buboyetom developed, fabrlentod, and tooted In tho P r0 B™m 

zsStt-M g - 

£ Z lZZtYZZl\—TZ. YZ A 

Ing. The deviations are discussed In Section IV on Recommendations a 
technical details of Sections V and VI. 

The major requirements and results of the program are listed in T j*}® 3a * 

Tho specific factors and component performances Involved are d J 8 *J 88 ® d J|®*° * hl h 

“ as® f;3^H£ 

program are adequate Cor a complete space trao^mltt ' p Y 

have some utility and could be Included In future programs. 

Detailed components data Is Included In Section V. The effect of these ^ 
results In determining an optimum waveguide assembly are Included ther 
In Section VI on the assembly and testing. 

3.2 WAVEGUIDE ASSEMBLY 

3,2.1 Description of Wav eguide Assetitbly 

The waveguide assembly developed ‘-1^ ^several £ y . 

2S S3TuT*5£tn £ complete^asserably wae developed ualng venting to 

dlltber^e'^unr^rbr^ri^ffefl 1 ^^ 2 an operational equipment 

With these precautions , no arcing forms of breakdown were expected In final testing. 

and none were observed. 

Analyses performed during the study indicated no expected source of 
pacting which would only occur in a high vacuum within a certain range of rf power 
for a given electrode configuration, operating voltage, and frequency. No spe 




TABUS 3,1, Waveguide Subsystem Performance 


Comftonont/Freq uoney 
Subsystem Heat Run 
Insertion Loss (lone diploxor) 
Variation 

V3WR (Iobb dip lexer) - center 
- over band 
Magnetic Field Effect 


Bandwidth - 12 GHz 

- 8.36 GHz 

- 2.6 GHz 

Power - 12 GHz 

• scaled to 8.36 GHz 


Temperature 
Harmonics - 2f 0 

Harmonic VSWR 

Weight - 12 GHz 

- 8.36 GHz 

- 2.64 GHz 

Volume (with ■ 12.0 GHz 

mounting plate) - 8*36 GHz 


Objective 


60 hours 

< 0.3 dB 

< +0,3 dB 
1.05 
1.15 

no breakdown in 
presence of field 


Achievement. 


61 hours 
0.3 dB 
+0.2 dB 
1,02+ (ost.) 

1.05+ 

verified no breakdown 


500 MHz 

(scales to 350 MHz) 

250 MHz 

1.5 kW max 
to 2.75 kW (scales 
differently for 
different parameters) 

in 323°K (50°C) ambient 

30 dB attentuation 

1.5 at 2f 0 
15.9 kg (35 lbs.) 

20.4 kg (45 lbs.) 

8200 cm 3 (500 in 3 ) 


500 MHz 


3 kW for 60 hours, 
to 8 kW for breakdown 
evaluation 

in 323°K (50°G) ambient 

60 dB Tfiio 
38 dB TEol 

1,12 worst case 

Est. 1.63 kg (3.6 lbs.) 
4.65 kg (10.25 lbs.) 

Est. 58 kg (128 lbs.) 

Est. 2210 cm 3 (135 in. 3 ) 
6650 cm 3 (406 in 3 ) < n0 
external connections) 


RF Leakage - fundamental 


< -80 dBW 


-90 dBW 


+ Measuring Equipment Accuracy - 1.02 at band edges 
Tuned to 1.00 at f_ 
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materials or techniques were thus used or considered nocesaarytoprovontnwltl- 
oactor breakdown. Sensors for this type of breakdown were Included In the dlplexer 
which was the only component having a high voltago field which ^{£5 JJJJJ® ° 

breakdown. Appendix I further discusses breakdown prevention techniques, should 
some component In the future Include a questionable region. 

The components In Figures 3.1 and 3.2 showed separate power monitors for 
forward and reverse power measurements} the latter provides a measure 
VSWfc. This approach was desirable because of substantially differing requirements _ 
for forward and reverse power accuracy, and because reverse power should be measure 
near the transmitter tube output while forward power Is best 

rinse to the antenna. Modifications of thi6 arrangement may be desirable for any 
specific individual transmitter system. The assembly shown is considered optimum 
for a demonstration of waveguide component techniques and * U l * 

The components are mounted on a 0.635 cm (1/4 inch) thick jig plate which is 
somewhat heavier than would be required for space; a thinner m ® unti ”8 P^te 
would result in slightly higher component temperatures for a given average 
radiation temperature, but the effect is not significant. 

Th.ee and the other component, will be deecrtbed In nore detell leter In thl. 
Section of the report. The harmonic filter may be omitted if a diplexer is used 
since the initial tests indicate the latter is an excellent harmonic f * X *®** a * 
least for the 2nd harmonics in the basic modes, TEio and TEoi. Optical diode ar 
sensors are shown at three points tfhich are sufficient to see all parts of the sub- 
system and to warn of any arcing. The input and output termlnals were arranged 
merely for the convenience of testing in this program, and a different orientation 
may be required in a final system. 

3.2.2 Performance of Wave guide Assembly 

The oerformance of the waveguide assembly was assessed in three major tests: 
bench St?:g“hthe assembly for e low VSwk, « 6 “J 
chamber at high power, and a leakage test to Insure an rf tight str 

3, 2. 2-1 Bench Testing 

^ 8 ™lUrm2«h. b \ri’orr cU™ents°Li\.en individually corrected 
a matched load, end the resulting VSMR wee below the 

srs sl-s 2= 

Insertion 6 loss^is grMtM d than 8 that 6 piedlcted from the component measurement. The 
ln ®f t :? n i p difference was not determined; the two measurements were made with 

afsTuS di":rf .r^tui ^ 

sms -- 

case, but should be better than specifications ultimately.) 
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Having completed the basic testa, the entire ayatnm wao then placed in the 
vacuum chamber for high power testa. 

3. 2. 2-2 Vacuum Chamber Tasting 

Water cooling was addod to the baseplate to simulate the effects of radiating 
heat to space (see Section 5.5.1). Otherwise, the thermal loss of the plate would 
be Insufficient to maintain a reasonable temperature if only radiating to the room 
temperature chamber. 

The Initial test with the diplexer in place showed that the ends of the 
dip lexer tended to heat much more than expected although operation In air 
acceptable with sufficient cooling. In the vacuum, the boron-nitride inserts in 
the end irises of the diplexer (see Section 3.3.5 for ^! rp °^®g t 

became red hot at about 300 watts CW, and the diplexer had to be removed. A stray 
coaxial resonance mode appears to be responsible for the J he 

rest of the system was operated about 8 hours over a three day in * 

, vacuum, and then the 60 hour test was run at a power level of 3.5 kW CW, RR® 
the minimum required power level. After the 60 hours were complete, the power was 
elevated to about 8 kW with no difficulties except a small grease in 
Thus the major operational requirement was accomplished but without the diplexer 

the circuit. 

The vacuum levels were read with two gauges, one in the waveguide output port 
at the exit from the chamber, and the other in the chamber wall. Thwreadings 
indicated a slight leak probably existed at the waveguide window; pressures 


measured were: 


Main tank pressure 
Waveguide open into tank 
Waveguide assembly attached, - no power 
Waveguide at end of 60 hour run at 3.5 kW 


Newton/m 

-4 

0.67 x 10 
1.73 x 107 
6.67 x 107 


(Torr) 


12.0 


10 * 


(0.5 x 10'*) 
(1.3 x lO'p 
( 5 x 10$ 
x 10 6 ) 


( 9 


There is a little outgassing present, observable particularly if the P °R*R 
increased. The cooling also is increased to maintain a nearly constant temperat re, 
so the outgassing is localized and affected by tne power level. It is believed t 
be largely due to the harmonic filter which was not baked priorto Retaliation. 
These pressures, however, are three orders of magnitude below the critical «rc° ver 
pressure, so the overall results indicate a large breakdown safety margin. R® 
components therefore are suitable for a space application in their developed form. 

The equipment was not baked prior to the vacuum test, so a significant amount 
of outgassing occurred for the first couple of hours, in part from the metal 
surfaces. This suggests that initial operation in space include a gradual grease 
of tr iismitter power, perhaps in 4 or 5 steps at an hour each, letting the trans 
mitter provide the bake-out function for the surtac^absorption. In^the initial 

tests, outgassing was generally held below 6.7 x 10 N/m (5 x 10 Torr) by a 
combination of power adjustment and water cooling as necessary. 
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Temperatures were greatest on the mounting plate away from the water cooling. 
Typical temperatures maintained during the tost after steady .tale was reached 

were: 


met Elbow <”£> tn8 PlP0) 

Second Elbow «t!o£ ^?o«\ 

Harmonic Filter, Top 348** c > 0f ,v 

Harmonic Filter, Near Water 349°K (76°) 

Power Monitor Terminations - reverse: 327 K (54°) (near water) 

forward: 339 K (66°C) 

Surrounding Ambient 298°K (23°C) 

The water cooling averaged about 175 watts and radiation cooling was estimated to 
i«te . TMs calculation Indicates a loco of 0.28 dB with an output power of 

3500 watts. 

A 12 GHz system with 1.5 kW Input might have 105 watts loss with a tempera- 

a. 6o°c which should present no problems in space if proper design techniq 

ture ot 60 C, which shouia presen f system would have removed 

Z :*ri heat\y^addltional ^ter ^Ung.^iU the 12 <L «.e«hly s»uld experi- 
elSe a temperatSe rise to about 37 3° K (100°C) with an expected diplexer loss of 
0.4 dB. Thermal design aspects are considered further In Sections 3.3.7 and 5.5. 

A magnetic field, simulating a TWT focus field, was added at the completion 
of the test; it had no detectable effect on waveguide operation. 

3. 2. 2-3 RF Leakage Testing 

Following the high power test, the waveguide assembly Was f °* ** 

leakage in an rf anecholc chamber, with the diplexer irt place. For this test, a 
lS US transmitter was used as a source, and the receiver and horn provided a 
sensitivity to -126 dBW, the noise level observed. The second harmonic 
!!h U nul the same sensitivity, but a source of 0.05 watts and a larger horn were 
used. In all cases, no detectable signal was discerned after carefully tightening 
all flanges (with the exception of one faulty flange facing Indicated below.) 

The requirements and measuring sensitivity of the leakage from the waveguide 
assembly were; 


369°K (96°C) (Hear harmonic filter away from cool- 

ing pipe) 


350°K 


Fundamental Frequency 


Harmonics (assumed 20 dB 
below f Q ) 


Required -111.75 dB 
Achieved up to -122 dB 

Required -91.75 dB 
Achieved up to -95 dB 


The roeaaureraeotreiulta “5 ia 

30 5 cm (12 inches) for both the fundamental and harmonic with the specif ic horns 
used ; weasurenwnt.'w.re mdt down to .bout 1/10 this dlattoc. to ,W. 10 dB wore 
sensitivity than In the far field measurement. 
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The malor difficulty In achieving lov leakage woe in the flongeo. In each 
coee, It "fit bolts po/flnngo were tightened .heavily, idee y 
.bout 1800 Kg (4000 pounds) clamping pro. * £ 0 £ 0 Setwoen the flret 

SiSS diodo ZSSTJX 

fielently, Indicating an inadequate fee ‘"8 “ onQ ° ^ *j£ Jurposes of'thie program, 

? fowrtn” need o^ t^ flge .earn eo ihe other c^ponenta ^uld be chccked 
for r? leakage Without this Interferes. . The ™^“re Z«od fo^hle 

IZV but^wou Id^add^no* p tobleffls°other^than the norml caution In insuring that 
accessory waveguide or coaxial line be well shielded against leakage. 

3.2.3 Scaling Results to Other Frequencies 

The waveguide components were developed for ^’^h’pwfo^nce 

designs are provided for the same components at 12 and 2.64 GHz, witn p 
predictable such that further experimental develop^nt is not r q i d. Th 
quantities considered in . gating 0“"^ £ £&££ GHt test 

»- oSr jrl“:rarffrr:ncer“g:jr.:ro^%::u:n 
dimensions 8 (WR340 a^Vos/Sd VIR75 et 12 Cte have side, wi £ ” t4 ° : Ue 

used is r- 0.886) as well as for 2.64 GHz). The frequency 

rrtLtlf 55 tSe^ble H &,£.» <1.433 for 12 GHt and 0.316 for 2.64 GHt). 

The two columns at the right indicate the worst case power required at 8.36 
GHz to simulate a given power effect at either of the other twofrequen- ad 

£ S= case • ^The* term 

between or et about 2.7 kW. This power would also ^required for ionl 

and is considered an upper limit as a firm q 

Practically, the conduction loss 1. about the most significant «« high Power 

the' U^kW at 8 12*GHz5 Ue Electrlcal°breakdowna e due P to^ionl2ation^were c ^ e c k cC with^ 

i *1 a. aKnut' 8 kW but no effects wete observed. The X R loss re la 
r^n^r^/ra 1 heating effect e f 

all^circurastanees°that 8 are e considered pertinent for continuous ^operation testing. 
Conduction tosses, of course, are always related to CW operation. 


3.3 COMPONENT DESIGN, FABRICATION, AND TESTING 


Thifl Section summarises the reeuite of the analysis anddeal^phafleforcach 
_ ♦•ho fabrication uaed, and the component teat results . Details on the 

of t ha to.u a itnr In So.tlon V. The cornet, are di. C u„ed 1* tho 

following order: 


1. Waveguide, Flanges, Gaskets, and Vents 

2 . Harmonic Filter 

3. Power Monitor, Forward 

4. Power Monitor, Reverse 

5. Diplexer 

6. Fault Sensors 

7. Thermal Mounting Plate 

8. High-Voltage Isolation Flange 


3,3,1 Waveguide. Flang e s. Gaskets, and Vendin g 


3. 3. 1-1 Waveguide 

This t*sk provided the groundvork for the fabrication of all the 

:ZiZ“;v.s;dr^ r* be 

tSsSSzSsr^ sss - ■— co “ e££ect8 ' 


plain aluminum, ideally smooth 

silver plated, 0.762 microns (30 pin.) rough 

silver plated, 0.254 microns (10 ;»in.) rough 


.233 dB/m (.071 dB/ft) 
.170 dB/m (.052 dB/ft) 
.141 dB/m (.043 dB/ft) 


;; irs-sss st 1 *" 

mitter power. 

An experimental evaluation of electropolishingofaluminm ^eguide showed 
the improvement in performance to be n «S 1 *f* b * 0 ,* le^Me^ JoJt ^ wUghness which 

roughness from the i ^“^^^“Jg^tivity. It appears then that waveguide can be 
did not greatly contribute t iinMovAr a waveguide lot when purchased 

ESTS :ZZ%rdZZ»Ze h Z 8 ; M «Zd t ihe«h« f^tvopcU.hlng would 
should be cnecxea to aek '* . * go61-F aluminum alloy was used for the 

experiment a ^components whKh would be heat treated to T6 temper for flight compo- 
nents An 1100 alloy should be used where electron beam welding is employed. 

The diplexer uses Invar with a heavy silver plate. 
device would be electropolished prior to assembly because of the limitations 

imposed by the configuration. 
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TABLE 3.2 Frequency Scaling Factors 


Parameter 

Power 

Scaling 

Function 

*8.36 

Worst 

Case 

kw'ior 

Tests 

Ionization Breakdown 

rf 2 

1.824 P 12 

2.74 kW 

Multipactot Breakdown 

r 3 

0.7 ^either 

1.05 

Paschen's Minimum Gas Arc 

i 

1.129 F e j,ther 

1.70 

Breakdown 

r 



- Pressure Minimum 

i 

rf 

n.a. 

n.a. 

I 2 R Loss per Unit Length 

y-f3/2 

1.53 p i2 

2.29 

- per Guide Wavelength 

rf l/2 

1.06 P 12 

1.59 

Thermal Loss - Conduction 

r r* m 

1.36 Pi 2 

2.04 

- Radiation 

CM 

m 

>- 

2.18 P 12 

3.27 


0.886 

f = 1.435 for 12 GHz 
f » 0.316 for 2.64 GHz 
J- m 1.28 for 12 GHz 
7*- 0.80 for 2.6 GHz 


Oversize low-loss waveguide is generally not recommended except possibly for 
long runs, either straight or with very few bends. Oversize waveguide would 
provide only a small saving in power, at the expense of an extensive development 
program and sensitive operating characteristics of the components. The complexity 
would lead to an impractical approach in most cases. 

3. 3. 1-2 Flanges 

Standard CMR112 small flanges were selected. These are physically small, but 
have eight bolts for a mechanically solid and low rf leakage joint between wa ^®“ 
guide components. Dimensions are in Figure 3.5; material was 6061 aluminum alloy, 
with Invar flanges used on the diplexer. 
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Note: 



A. Tap 6-32 

B. 0.373 (0.147) 

C. 1.405 (0.553) 

D. 2.108 (0.830) 

E. 2.812 (1.107) 

F. 4.210 (1.660) 

G. 2.560 (1.007) 

H. 5.120 (2-1/64) 

j. 0.602 (0.237) 

See drawings for tolerances and 


K. 

1.314 

(0.517) 

L. 

2.023 

(0.797) 

M. 

2.625 

(1.034) 

N. 

1.763 

(0.694) 

P. 

3.493 

(1-3/8) 

R. 

0.318 

(1/8) 

S. 

0.508 

(0.200) 

T. 

0.635 

(0.250) 

details 




FIGURE 3.5. CMR-112 FIANCE DIMENSIONS 
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3,3, 1-3 Gnoket 


Gasket son lo are of soft aluminum with n photo-etched cross-hatch pattern 
between the clamping bolto and the waveguide Innido periphery. The cross-hatch 
lines are raised about .05 mm (.002 In.) on each side of the gasket such that when 
clamped, the aluminum will depress to give a very tight rf seal. Figure 3,6 0 

photograph of the gasket. This design Is based on similar types which keep rf 
leakage at about -130 dB when properly clamped. A resilient typo with silver 
loading can glvo comparable results but the silicone usod could result in some 
outgassing. For uso ns gaskets, this would bo negligible, but tho resilient typo 
isn't necessary since the soft aluminum type is adequate. 



FIGURE 3.6. RF1 Gasket 
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3, 3. 1-4 Venting 

Throe approaches were need for vents to remove outgo fl fling from the wnvoguide 
componentn ' Intori ore. Compononto containing SIC Jowilnotioiin R.» chn nnel from 
Inverted channel along the guide surface, with anwll ho.lea into 
the waveguide and the outnide, suitably staggered. The channel dimension 
SaupS tS bo bcyoml the fifth harmonic cutoff! W. » 

chnnnol length between bo lee le at lonet five tlnoe the hole (llnmeter. ™Ukoopa 

the rf leakage pot bole down to -150 db .. .... The ‘^ 0 ^ 1 °™ 

Piguro 3.7a, was used on the two pawor monitors and tho dipiexcr torminati n. 

In other components, vertical tunnels were used, retaining the lengt h to 
dinmeter ratio of five. Figure 3.7b shows the basic approach. This type was use 

for the harmonic filter where each of the 390 side ®“ ide8 /^l^in eh) aluminum bar, 

brazed to place to pro^t rf lenknge'etong the see™. Each side guide then has a 
0.159 cm (1/16 inch) hole drilled through the bar for venting. 

The third approach was used on waveguide sections which did not appear to 

require extensive venting, such ns the optical sensor TlS^ cm (l/?6 

depth was used to advantage as in Figure 3.7c, and a hole about 0.159 cm i / 
inch) was drilled through the flange and guide which have a total depth of 
than 1?142 cm (7/16 Inches). The 0.159 cm (1/16 Inch) hole throughthefeng^ls 
more than adequate for most of the components that have no significant g 8 
sources. , 

No difficulty from outgassing was e * p ^ e ”ypg ' d eve loped! PP Initial outgassing 
to be adequate for waveguide 8Ubs y® t ® ra ® °J J^idly P removed by heating the assembly 
which would be expected to any s ye ® . level to the operating point. Pressure 

at low rf power levels, and then *£. , than twice ambient for the final 

In the vacuum environment was constant at le.s tnan c 
two-thirds of the 60 hour continuous run at over 3 kW CW. 

3.3.2 Harmonic Filter 

The harmonic filter was quite 0 f r t„Q d typero^ l^ky wall harmonic 

quirements. The basic design is a com t ^ ona ^ slotted type of Figure 3.8a, 

filters. The two end sections are th VSWR . the center section is of 

tapering the slots at the ends to ° btai ” ® at ^ er lfl part icularly effective for 
open-end waveguide as in Figu e . end sections give good harmonic 

the higher harmonics (Reference 2) whi . ith le ss loss than the open-end 

absorption of the lower, S aluminum alloy, using slot and tab 

construction* “fbh^dlp^brastog^^Tekwf^Uons were^ypejgP^lllccm^re^^^ coots" 

r d th‘"3ir^j'ed u to p rurit! e,i s: :::sid p nuer i. .ho»n m 3 .». 


26 




FIGURE 3.7. 


VENTING TECHNIQUES 



) Leaky Wall 
End Sections 


b) Open Guide 

Center Section 


Figure 3.8. Approach to Harmonic Filter 





The HIM required ^‘“fr * Z Juft'S “ SS 

test frequency of 8.36 OHS. faction. weto leTRely^™ ^ endu0<1 

Sn“$sS? "“SrilSlS. dielectric t»l... wore .dded Cor Che program tacts. 

Final rnflult-fl worm 


0,28 dfi (at htpih end) 


Inoortien Loea nt Cc: 0,2 dB 

Xnoortlon Leoa, Maximum In Band: 

VSWR at £ e i < l * 02 , _ . A , 

■% - oi ^ 


2nd Harmonic VSWR: 


1,12 for TEio 
1,05 for TEqi 


Estimate from low-frequency slot coupling meesuremento indicated the other 
harmonics are attenuated well within requirements, and should be about. 

3rd harmonic - 23 dB 

4th harmonic - 16 dB 

5th harmonic - 12 dB 

Thors were no facilities or requl remr *ts t°j^ ™Jj h “^XtasT different 
harmonic can take on a number of diffarent m » ^ the actU al TWT tor the 

attenuation. A more effective approach e . alone and by the waveguide 

system, measuring the harmonica radiated by the tube alone, an 

system with the harmonic filter in place. 

The particular configuration developed ^^^^j^^woul^be very large 

harmonic attenuation with moderate J J JSch have a little more 

at 2.6 GHz, so a different type might preferred wbicn^ 

loss but much less weight; loss c0 », r 4 e fi v described in Section 5.2.8. 
Physically smaller harmonic filters are briefly 

3,3.3 Power Monitor. Reverse 

The reverse power monitor is a ^Iti-hole ^ pe, T ^ t ^ va rse X power monitor is 
centered on the waveguide biroadwallB (Ref oreri ) • id fault signal for 

located as close to the transmitter tube as possible ^provide ^ ^ coupUng 

ssjarassr -•* — 

accuracy. A photograph of the unit is in Figure 

scion 2*1 SWsTSifSfiS; which^waB ^bolted ? JWZ 
turn brazed to the waveguide. 
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Figure 3.10. Reverse Power Monitor 


This type of coupler Is necessary to achieve the veryMgh 
specified for the reflected p~er accuracy. •** | For putpoB es of measur- 

becomes quite large, about 0*610 roe ' e a simpler device could be 

lug the VSWR near the transmitter tube output flange, • siller ^ adJu8ted 

used, and the threshold of the protective * f he hlgh reflected 

accordingly. A further evaluation J^^tr^ivity type is fabricated for low 

frequency'^operatlon^^^loop c^'ur would probably suffice for most „ste»», as Is 

discussed in Section 5.3.3. 

3.3.4 Power Monit or. Forward 

- Hi* transmitter is measured after the harmonic filter to 
The output power of the transmit oossiblo. The monitor uses a 

obtain a reading as near the ou pu J ® / Reference 3) with a coupling of -54.4 dB 

Moreno cross-guide directional coup ( . u , small depressions on 

across the band. This unltwastmpeda^e^tchedbymaklng ^ ^ ^ curing 

upie t r': U d t lt:cti"lty V r 29.6 dB which Is not critical for this 

component • 





Figure 3.11. Forward Power Monitor 


The cross-guide coupler we. fabricated of L'uSo 

welding. Future unite. If electron ^"“ r f ca lueLtely. dip 

aluminum alloy which is more suited to tuts type ot 
brazing can be used. The termination is silicon carbide. 

This type of coupler is recommended for 12 GHz operation f d^ouid be used 
at 2 6 GHz However” a loop coupler would be adequate for the latter and would 
have * eoi^welghlTadvantage ? This i. considered further in Section 5.3.3. 

3.3.5 Dip lexer 

The purpose of the diplexer is to provide an ^thes^two may or may 

mitters with frequency separation but ® ggntially a filter which passes power 

not operate simultaneously. The device is e88e ” ? . characteristic so the 

in the pasBband (output from upper port) an e ng 8 ” ly a 8eco nd transmitter 
outside the passband (output from lower port) . Alterna y, in . 

out of the passband can be connected to the upper input port so rna 
band and out-of-band signals emerge from the upper output port. 
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Figure 3.12, 


Directional Filter 
Operation 


Figure 3.13. Diplexer 


The directional filter is a four cavity configuration. Operation is 
accomplished when the input signal couples almost completely to the cylindrical 
cavity filter, changing from the TB 10 mode of the rectangularwaveguidetoaTEu 
mode in the cavities. The latter mode accounts for the relatively low loss of the 
unit as compared with a rectangular cavity filter. Coupling between rectangular 
and circular sections is accomplished at both ends by locating the coupling , 

at the point where the H* and H z magnitudes are the same, thus inducing a cir-ularly 
polarized field in the circular cavities with a linear polarization in the rp. 8 
lar guide. Unfortunately, after extensive analysis and experimental work, i. was 
discovered that the end circular irises for a four cavity filter cannot be „arge 
enough physically to provide sufficient coupling without extending beyond tne wave- 
guide wall; this was not the case of the three cavity filter which is quite well 
developed. Thus extending the state of the art of directional fiiters led to the 
problem of how to increase coupling between the rectangular guide and the cylindii 
cal cavities. Three solutions were considered: adding dielectric to the iris, 

reducing the height of the waveguide to about 1/10 its normal height at therrs, 
and changing from a circular to a slotted iris. The best approach appears to be a 
combination o£ the latter two, naing a three-slot coupling •trangemenwthuccet- 
sized slots, and reducing the height of the waveguide but not as drastically as 
noted above* 



The time schodulu and resources did monted* B ]T[Wjor°problom with thin 
simpler dielectric filling approach was t0 the Iris for 

approach is affixing the dielectr c, o should not be nccoeeary up to about 

heat conduction. An analysis Indicated 'M%“^" ld ”^ l S°unlt. and high 
2 kW at 8.36 OHr. hut a ' ^/iTdontifUd .. . r.dt.l 

rw s«"^ - - — *■ tho 

boron nitride* 

The bandpass characteristic is shown l “ Jertio^loss wl^measured^rthe 
well within requirements, although a higher 1 The 0 3 t0 0 .4 dB loss is 

device was Included In the overall waveg^de assembly. The 0.3 ^ ^ ^ 

ZtZt £ heating effect of the 1.1s Indicate, the 



Figure 3.14. Bandpass of Diplexer 


loss would tend to be greater than that first ‘ ; ^“T'the^Kheff 

need, additional 

trimming for the operational model. 
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The skirts of tho show tho 30 dB ^ro pof * J^objoctiw wns 

ad In 70 MHz at the low end and 1ft a b°“t ' Tho alopo dropofffl at the hand- 

90 MHz. The operation la considero a p • t rlc rem ovod from tho two Irises. 

BTJSLf; Sr: iSL^as: 

Stt fS&TJ?. TT:\">T^ a much atooper bandedge slope 
than for the bandpass region. 

The filter was fabricated completely and assembled 

Invar Is a very poor conductor in detecting multipactor breakdown, visible In 
£gr";e ^rinTlare fa^rare designed to have low rf leakage, 

using rf absorber inserts. 

The mount tot the dlplexer pre.en «^“ n "£?*£*“£ SfE* 
that the relatively small unit generated m _ b “ d for the cylindrical cavities, 
system, a large aluminum block was din lexer tightly against the block 

Heavy aluminum straps were added to hold J h ® top 0 f the diplexer. 

and to provide a thermal path material was placed 

In addition, a resilient gasket of high t differences in thermal expansions 
between the cylinder and block to take up the Although this 

between the aluminum block (and ®^rap ) mounting design should be revised 

arrangement worked moderately well, the diplexer ™ tQ \ taze xathe r than bolt the 

to eliminate bolted junctions as ? t >jhe arrangement used dropped the 

mounting block to thc thc^l Muntl g P^ ^ 0 c) ln tw0 mi n„te. In air, and 

diolexer temperature from 388 K ill-* ' a^iUKonal minutes, indicating a 

to^ent at 293<* (2200) in l«a than -^“.^r'^ting subsequent 
moderately good thermal path. s P e *“ x ® ” * 7 

models are Includad In Sactlona 4.3.5 and 5.4.7. 

3.3.6 Bl ectrical Breakdown Sensors 

-ddltion to the VSWR which is 
Twc types of breakdown sensors W Qp* ic ai 8e nsors use light diodes, like the 
sensed by the reverse power monitor . °P ide aff ij ;e d to extend to the 

EG&G SGD-100A photodiode, w J th , a . q ^' t llaht .. em ® tti ng breakdowns in the waveguide 
waveguide interior wall such that diodes observe all but the 

would be detected, ^or the system developed, th ^ unit< Configura tions for 

final output waveguide which would bet * J elbow for looking down two wave- 
a detector in a straight waV ® 8 ^ d ® ’ ^ J 3 . 15 . Also shown is the arrangement of 

guides at right-angles are shown in * 8 it lde 8eat holds the diode and quartz rod 

components within the ba"® 1 * a b s ? a ilaced above the diode for low rf leakage, 
in position, an rf absorber (Lundy) is placed above t all partB £lrm ly in 

anda compression piece /JwdS'to insure a solid seating 

position. The waveguide interior inciuaes a 

for the quartz rod. 

For multipactor breaWown detection, biased P x ° b ®® d g®J e t ® d J a ve conditions 

waveguide wall and biased 15 volts. 2ba dlpl u a d to multipactor breakdown, 

closest of any o£ the componenta to those^tbat ^ capacltor rob „ 

were°uaed^°addlng f^aEorber to minimise the r£ leakage through the probe 

support tube. 
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Figure 3.15. Optical Dioce Light Sensors 


Both of these sensor types were tested first In the “ P “wsf«toS°w r -“ t 
section described In Sections 3.4 snd 5.7. Both types gave 

fonnance, and the only engineering problem was to design the hoi t h^ V 
low rf leakage. The RFI material used was adequate for the fund harmon ic 

harmonic ; a longer piece, perhaps two inches is suggested 

isolation. The locations of the three photodiodes and the diplexer Diasee P 
are shown in the layout of Figures 3.1 and 3.2. 

3.3.7 Thermal Mounting Plate 

The entire waveguide assembly was mounted on a 0.635 cm (1/4 in) thick 
jig plate with externa? dimensions of 0.610 x 0.914 meters 2 h * 36 Inch..) ; 

]l| Jl.te assured a flat surface for mounting tbs components » 8™ ’^"“tcr 

Interface. the temperature of pUt. rejch U* t ed elsewhere, 
remote from the water cooling, and about 348 K (75 W wne .e me applica- 

This is representative of the operating temperatures exp Temperatures 

tion. The mounting plate used is inc uded in Figures 3. cool ? ng water 

in the 60 hour continuous heat run could^be control le y y 

fCrate, which was about 0.95 s l<f 2 m 3 <2.5 gallons) per hour. 

n o i Q - m m / « inch) thick plate should suffice. 
For a 12 GHz space system a 0.318 “j/A ” p i ie d since this has a higher 

The aluminum surface should ^ V Li 3 h t X mc tal In practice, the thermal plate must 
“ "r:U the^absorbed * power^without exceeding the component 

temperature limits. 35 



3.3.8 DC Blocki ng Flange 

The meant o£ tht. tnak «aa to dovl.o ^STSfwtt*^ J^aWB^da oper-“ t< ’ 
10,000 volts dc but which would havo no . TWT to hove a large dc 

voltage ^ 

TWT should orte be used. 

After .one .tudy the 

STS * TuteSrS MS. « ^oterahte 

be essentially a harmonic filter since the 8 rearrange 

harmonic leakage. A preferred appro^. l^were^ ^ ^ 4Q 

biasing to put such a flange at theTWTip cr itical. Another problem lies 

lower, and the rf leakage is correspondingly less cric^^ ^ voltage -jump TWT; 
in the tube, which normally would “ 8 ® thc a ^® n ®® st h l incorporated into the TWT 
some sort of leakage reduction technique also must be radiation may 

jump section to make the whole approach effective. A suosra 
otherwise appear from that point on the tube. 

The type of flange filter that appeared ^^.^g^ri^a^tht periphery^ 
ment was a two-stub band-stop filter with a 1° y di lnaulator for the io,000 volts 

the flange. The latter would also have t g flange is shown in Figure 3.16, 

across the flange. A possible arrangement for the tiange 


LOSSY 



Figure 3.16. Configuration for DC High Voltage Blocking Flange 
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which would bo fabricated largely by a aerlos of boron-nltrldc dopoaltiona with 
aultablo metal depoaltlon to form the filter aurfacoa. Thlfl flange would operate 
entiafoR tartly* however, only If it were located aftor the harmonic filter, which 
would than have to bo Insulated to operate with 10,000 volte dc. Otherwise, the 
har monlc ° lea kago of the laolatlon flange of Figure 3.16 could be quite large and 
would probably exceed leakage specif icationa* 


3.4 SPECIAL BREAKDOWN SECTION TESTS 


A low height waveguide section was fabricated to provide a means for Croat- 
lng e uttJ™«l br“k“o^ under controlled conditions. For 

region and the Impedance matching steps visible. The optical aio e u 

tests was In a separata waveguide section, as in Figure 3.15. , _ .. 

which would cloud the data and negate anlayses of the effects . 



Figure 3.17. 


Special Electrical Breakdown Section 



Taste wore conducted Cot both o^rnUon 

* Z ™^* thn ' , " rC ~ ot thn 

throo flensing toehniquon employed. 

3.4.1 Multlpact og Breakdown 

The initial tests were to calibrate the 

Here free electrons and subsequent secondary electrons 1 i 8 Jh J rf cloU . 

the waveguide oscillate between the walls in ^ronism 

On the average, for most metals, each ®J 8 . opposite wall, which can 

will dislodge more than one secondary ej; 8 ®**™ r °” h ( 0 |{| t J; ch ) dia meter per- 
sustain the breakdown. Nine biased probes of .U7 £* * electrons on the 

formed as Faraday Cup type devices to detect the multipactor 

waveguide broadwall. 

An Initial esthete indicated b '““ ov ^ *^ ouU dltt* showed slTdtpendCT- 

^ z set gzrMzzp « s r*£s?S£«« 

considered to be a verification of prev ous me slsnal to provide a "cleaning" 

saiariiA-, - v— 

operation. 

The results showed the probes to be excellent detectors . >f -Wl££* break- 
down as long as they are in the breakdown reg on . _ a the peak power is 

recordings of a typical test are shown in 8“ ‘ nt " mm8 ured was about one micro- 

about 1 kW in the multipactor region, ^ “us bias. When the peak 

******* «*•»— • »— tests Mere 

made with a 3% duty cycle. 

The effect of the multlpactlng is alao c«.r plate ofth. 

(The plate also shows arcing marks which will be discussed next.; 

The optical diode was less sensitive than the btobes, but gave^a «rong^_ 

indication in a CW breakdown where the effect i^ci brMkdowTtest but was somewhat 
tor had a large output also in the more drastic CW breakdown tes^ ^ ^ 

erratic under the pulse conditions. ® P pvr lt var led with power level 

2V3JSX&. breakdown indicator. 

3.4.2 Arc Breakdown 

In a weak atmosphere, between^. 33^and 9300 pressure work- 

equipment tested, a gas arc 8 f® 08 • low pressure working upward. Tests were 

2E2 'wttiT 5 

seneor^di^no^reglsterf t l~b~ «ol l! to 133 W* - ^ 
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Figure 3.18. 


Power Level and Multlpactor Current 
In Special Teet Section 


^:-3£2«s£r 

3.17. 

The aeneral conclusion is that arcing is not likely in the waveguide 
assemhlv if the vacuum is maintained below 1.33 N/m 2 (10" Torr). Where arcing 
is likely, the optical diode and VSWR (reverse power monitor) sensors provide goo 
fault signalsf or protection of the system. Probe type sensors should not be 
depended upon for ere detection. 









3.4.3 Mnfinntlc Flnld EffOCtS 

MflRnofctc Ulolds can affect the Initiation and characteristics of oloctrleal 
breakdowns In certain situations. A check on the breakdown section and 
waveguide Indicated no tendency to break down or change charactorlotlea. A fie 
of over 100 Gouss was used at the breakdown section. 

3.4.4 Conclusion 

All throe sensor typos should bo included in a waveguide subsystem. Their 
applicability Is as follows: 


probe , biased 
optical diode 

reverse pewer (VSWR) 


output to 30 mlcroamps each, but location Important 

- output varies widely, but indications ore considered 
reliable for GW operation, particularly for arcing 

- Weak Indication for weak breakdowns; operates well 
with strong multipactlng and arcing 


3.5 SYSTEM IMPLICATIONS 

A consideration was given to the impact of the various features of the wave- 
a a flopcRihlv in a satellite system. In most of the interfaces, conventional 

raent. 

3.5.1 Size and Weight 

SI., and weight are af primary concern In all .atelllte systems. The wava- 

Jtl hlrmmla filter as developed would he nearly 1.5 meters (5 £eet)long at 2.6 
OHs (including flense.) JT3 

IViTm A «U “ »e“i “Astons of 0.3 to 0.6 meters (one to two feet) 
mlgS; h^e'ehiu;“ie"em 0.25 dB loss, generally considered acceptable. 

In many cases, overall size is dictated by thermal considerations. A 
critical item is the photo-diode used for detecting the presence of arcing or 
multipactlng; it should be held under 423°K (150°C) , which places an overall 
temperature^! imit on the entire assembly which may contain three or more of these 
sensors. The 0.610m x 0.914m (2' x 3') plate used In this program was conservative 
with no dip lexer, and acceptable with a diplexer. 
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3.5.2 Amp 11 Cl Qtnm 

Thn waveguide anaerabiy will hnvh either a klystron or TWT as the rf power 
ooorco. The wMORUldn Input VSWR should He smoll Cot n low »ClwtM I powot loyol 
at the tube's output port. Many beam typo amplifier tubes cannot tolerate a 
significant rovotoo powot lovol without bocorolngunttobloot dip totting 
fllRnnl badly. Without thci diplcxor, a very low VSWR i§ attainable} tho dlpiaxcr 
tondo to incroaso tho V8WR, but with o good design tho waveguide a^oyatemflhoukl 
still bo adequate. With tho diplcxor as developed in thieprogram, the V8WR had 
peaks as high as 1.3, but thoso could probably bo roducod with e ^flLted 
impedance matching to tho 1.15 requirement. For Skater reduction of 
signal, a circulator might bo usod although the trado-effs for using this dovi 
will require careful consideration at higher frequencies. 

3.5.3 Antenna Transmission Line 

The transmission line VSWR specification is 1.1 or less, while the waveguide 
assembly was tuned for a matched load. The antenna mismatch can be tolerated.but 
final system matching should be performed with the antenna and feed l^e^placc 
at the waveguide assembly output port. Alternately, tho antenna line can be tuned 
in advance to present a matched load . 

3.5.4 Power and Breakdown Monitors 

The electrical outputs of the several sensors in the waveguide assembly must 
be integrated into the overall transmitter system. In particular, the power moni- 
tors ar! used both for the telemetry subsystem (forward and reverse power monitor- 
ing) and for the fault sensing subsystem. Since the VSWR is a measure of *®*J« cted 
powers, an out-of-tolerance reading would indicate a fault ®* l8 J 8 * In J ’ 
the optical diode and multipactor probe sensor outputs must be integrated into the 
protective logic circuitry within the system. A buffet circuit is used to ^on.ert 
any fault indication signals into a pulse which is used as an off trigger. The 
method for reinstating operation is subject to evaluation, comparing teleme y 
control from the ground with an on-board time-delay circuit* 

3.5.5 Harmonic and Leakage Power 

Neither of these are considered to be a problem in an overall 8a ^ e J^® 
system using a well developed waveguide subsystem. The harmonic filter removes 
the harmonics very effectively while the rf leakage of the fundamental from the 
waveguide components Is substantially lower In mgnltude than the Jock-lobe «-d 
side-lobe power of the nntormo, and possibly the leakage from the tube Itself. No 
problems are anticipated in these areas. 


3.5.6 Mechanical 

The systems implications of the mechanical nature of the waveguide assembly 
were considered briefly in Section 3.5.1. An additional factor to be considered 
explicitly is the launch environment which places certain stresses on the waveguide 
components. The waveguide subsystem is generally considered to be mechanically 
adequate to meet the shock, acceleration, and vibration specifications of Section 
2.3.1. 
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A tight and solid contact between each component and the thermal 
pinto la required of all components to Inauro adequate heat transfer. Thus there 
should bo no mechanical difficulties from lack of viftli ally. 

terminations and loads, which are cantilever In conjuration » ni tb J MC J"™ ifl 
a relatively fragile material. No mechanical teats were performed within the 
hcq so of this contract, but shako tests to destruction ohould ho performed at some 
f u tu r o° t Ime t o° do to rmlno° the safety margin expected In these devices. Manufacturing 
tochnlquoa or configuration designs may have to bo adjusted to Insure sufficient 

strongth. 

3.5.7 Thermal 

System specifications require operation In a 323°K <30°C) tAlmt ® n ^® n " 

, nresents no problems oxcopt that any lossy components, of which n y 

TT T? have . sufficient radiating surfeen to ovoid ovor- 

hoot d l4 of the optical died.. nJ^Ko^t^r-rSuso 

or WotrSn output window. 

Within the waveguide assembly, the two areas of concern are the optical a d f 

on the thermal plate my be considered to keep the temperature from dropping as 
low as 193°K (-80°C). 

3.5.8 System Operating Requirement^ 

After system definition, the components required in the ^veguide 
should be reviewed, and those to be employed reconsidered if different from those 
of this program. Questions that will arise include the use of the diplexer versus 

llanlZJZ the two ttansrlttere, and the uee ef “"“"“/alp'ec l 

transmitters to be operated independently. The system requirements for a specific 
application will determine the applicability of the subsystem developed herein and 
also the necessity for considering any other possible candidate components. 

Section IV on recommendations will expand in this area. 


3.6 DRAWINGS 


Drawings are provided separately to detail the construction of each component, 
For the purpose of this program, the components developed at 8.36 GHz are scaled 
directly to 12 GHz and 2.6 GHz. Where the resulting component is unwieldly or 
undesirable for some reason, the recommended changes in approach are included in 


the next Section on Recommendations. 
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SECTION IV • BECOMMKNDAT IONS 


4.1 APPLICATION OF RESULTS 

1) DoolRno aro genera Uy applicable; they way bo scaled moehnnlcnlly 
according to wnvolonp,th for operation in other bandn. 

2) Operational ocaiing effects aro predictable por functiono of Section 

3 • 2 • 3 $ 

3) Physically smaller components may be desirable at 2.6 GHz; suggestions 
are made in Soction 4.3 for smaller harmonic filter and power monitors. T.,ese are 
less effective but . y be sufficient to meet operating requirements. 


4.2 SUBSYSTEM RECOMMENDATIONS 

1) single channel and two channel representative configurations are shown 
in Figures 4.1 and 4.2. No diplexer is required for a single channel system, but 
it requires a waveguide switch. The second circuit is applicable for both simul- 
taneous or sequential two channel operation. An alternative is to use two inde- 
pendent transmitters with separate antennas. 

2) The diplexer performs well as a harmonic filter and is shown Instead of 
an added leaky wall type in the upper part of Figure 4.2. The loss is 

higher but is acceptable where the diplexer is required anyway. It could also 
serve as a harmonic filter at lower frequencies where the large size of the leaky 
wall type is undesirable. 

3) Channel spacing in a two channel system should be at least 90 MHz at 12 
GHz with the diplexer specified. 


4) 


A permanent water cooling pipe should be incited for ground testing. 


5) Vented open construction provides breakdown-free performance in a space 
environment; nothing should be pressurized. 


6) A waveguide switch should be developed for potential single -channel 
systems or for switching common-channel TWT’s. 


7) The RFI specification is more stringent than usually is necessary fo a 
satellite system. Other rf leakage sources could be substantially worse, including 
antenna backlobes and TWT leakage from a voltage-jump Junction and possibly from 
the depressed collector. 


8) The transmitter 
variable duty cycle pulse 
by the waveguide heating, 
adequate . 


stage should have stepped power level capability or a 
capability to accommodate residual outgassing triggered 
Four or five variation steps to maximum power are 
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ANTENNA 


FIGURE 4.1. SINGLE CHANNEL TRANSMITTER SYSTEM 



FIGURE 4.2. 


TWO CHANNEL TRANSMITTER SYSTQ1 







9) The entire equipment should be baked out before final tentn in a vacuum. 
Heaters are also denirablo to hasten outfinonlng iu spnco before tronnmitter turn- 
on, particularly if low power initial operation cannot bo implemented for bakeout. 

10) Matching for a low VSWR con bo facilitated if the antenna tranaminsion 
line is well matched by itself. 


4.3 COMPONENT RECOMMENDATIONS 

1) In general, the components as developed form suitable models for develop- 
ing space type hardware. The recommendations which follow include variations 
which can lead to improvements in either operation or mechanical configurations. 
Otherwise, the components should be used as developed. 


4.3.1 Waveguide. Flanges. Gaskets , and Seals 


1) The generally recommended waveguide is 6061-T6 aluminum with a silver 

■ “ sssris a* 

flange should be faced and lapped to obtain a fie . naflitets are 

enough to permit a high pressure on the “ Yli Lp“^sVu« he 

photo- etched soft aluminum and are good t0 ^ ve 8ome out- 

vented with more venting on components which are more li y e .. 

gassing; vent^ should be small tunnels with length /diameter of at least 5/1. 

2) Dip brazing is generally preferred, using tab and slot fabrication for 
an accurate assembly. Electron beam welding may be used with an 1100 aluminum 
alloy or with dissimilar metals; some warping resulted with the soft 6061-F 
aluminum. Heliarc welding is applicable for add-ons such as the RFI seal around 
the harmonic filter and the raultipactor sensor tubes for the diplexer. 

3) Invar waveguide and flanges, with silver plating for conduction, are 
required for the diplexer to avoid thermal stresses at the junctions of cavitie 

and waveguide. 

4.3.2 Harmonic Filter 

1) A brass model should be fabricated for impedance matching at the two 
points where the leaky-wall sections join the open-waveguide section. Irises or 
changes in slot taper can then be established for a good match before final mo 
fabrication. This approach is preferred over adding an iris after assembly. 

2) Lengths of the slotted and open-guide sections may be altered to suit 
impedance matching and changes in harmonic attenuation requirements. ™! t fLatio 

is somewhat overdesigned, and could be shortened while still meeting specifications, 


3) A zig-zag typo of harmonic filter (see Section 5.2.8) has a small slsso 
for 2.64 GHz operation} it would generally bo preferred at that frequency but 
becomes Inefficient at higher frequencioo. The diplexer developed on this program 
also proved to be an excellent harmonic flltor although performance was evaluated 
ot Just the 2nd harmonic In this program. 

4) Tab and slot construction with dip brazing should be used. A die Is 
recommended for precision cutting of the cress plates since the computer-controlled 
nlbblcr had small but significant variations. 


4.3.3 Power Monitor. Reverse 

1) Specification on directivity is generally more stringent than usually 
required, but can be achieved with the design as developed; measurement of small 
reflected signal should not have to be precise. 

2) For lower frequencies near 2.6 GHz, a loop type coupler is much smaller 
and will provide reasonable operation but not up to specifications. The trade-off 
in size and weight versus accuracy should be assessed before a final design for 
low frequencies. 

3) Use limiter with detector to prevent burnout in the event of a large 
reverse signal resulting from an electrical breakdown in the waveguide. 

4) Dip brazing is recommended for fabrication. 


4.3.4 Power Monitor. Forward 

1) For lower frequencies near 2.6 GHz, a loop type coupler is smaller and 
lighter, and will provide sufficient accuracy for most operation. The trade-off 
in size and weight versus accuracy should be assessed before final design for low 
frequencies . 

2) Dip brazing is recommended for fabrication. 


4.3.5 Din lexer 
1) Design 

The computer design (Section 5.4.1) is suitable for a 3 or 4 cavity 
directional filter diplexer. The two problem areas in the diplexer are the input 
and output irises, and the thermal control. Invar must be used because of the 
dimensional control required of the cavities to achieve sufficient frequency 
stability. 
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2) Input/Output Xrlaoa 

The analytical design of these two Irises (ldantlcnl tot this 
showed they would have to extend outside the waveguide. The ^^ tiv . ' * b 

SSture, therefore, must appear larger than the physical aperture. This can 

achlovod by: 

„ using slots which can be lengthened for tighter coupling 

- using a low height (and low impedance) waveguide 

- using a combination of these two techniques 

The latter Is recorded. The dlplexer should *• A 

the slot irises trimmed for proper •“Pljjjvf J foranyflnal design, 

for the large apertures used, and some trimming is req - y 

3) Iris Heating 

A brief analysis showed the Irises could become very hot by virtue of the 
poor thermal conductivity of invar In the.ubstantlaldlatancabetween^hell 
Inside edges and the surface of the cylindrical cavities. Better 
vitv can be achieved by using a sandwich material for the i * . •. 

V pSe C : 1 - (.ObO^ches) thlchne r 

thermai*path°wlth less Ztwjt the^er m resl.tlvlty of the invar^alone 

cavities. This should be verified in a brass model. 

sscrsr. ssr. 

button and avoid hot spots . 

5) Thermal Mounting 

The thermal mounting used Is sufficient : for 8.3b 
optimum. Techniques for using a corrugate Section 5 ^ 4,65 this is to insure 

replace the compressible silicon are nc u 193°K (-80°C) to maximum 

sr-M. - - — 

mechanical stresses in the mounting, 
to ease^ the^problem 'of Hange 

Sot“e used with the 7.5cm (3 Inch) long rectangular sections. 
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4,3.6 Breakdown Sensors 

1) All th tee types of sensors: optical, biased ptobo , and reverse power, 

should be Incorporated Into the waveguide assent ly. The P^otodiode to detec 
„V° , breakdowns In the dlploxer should be better thermally Insulated to prevent 

overheating It should also be made somewhat less sensitive than the other photo- 
S3JTS2: c£™wlll be coMlderabte Itl. heating. particularly If the copper- 

lamirumt is not employed# 

o\ The quarts rod light guide should be thinner to Insure 5th l *5*°J 1 * 
r.iroff in the light diode assemblies proceeding the harmonic filter. The 0.254 
(o! i* inch) 'diameter rT.Lt* € ,4 should be reduced to .U 7 - .046 inches) 

diameter for 12 GHz operation; operation will still be adequate. 

3) Th. « -t-j? 

EtShui'.iLTx mrsa c 

components preceeding the harmonic filter. 

4.3.7 other Components, 

„ The wcuatlug put. « h 

st-wfjyss ,2m s^.’sssr*- » — <- ^ 

(anodizing would be used) . 

2) A dc blocking flange is not recommended for the system ° f 

this program. It is too complex for the harmonic attenuation required. An input 
waveguide*^ locking flange would be preferred for a WT If one 1. required. 

3) The lower (second) elbow should have an Iris brazed into place; this can 
be oversize and then trimmed to minimize the reflection. 


4.4 TESTING PROGRAM 

a . , tea tasted in a vacuum environment for tolerance to 

a 193°K (-80°C) e t^ P erature for a 60 to 90 minute ration 

sssr-srs! ? asra smsas - 

rhe^uavesulde S^tln, « - *” «* 


program. ) 

2) Mechanical tests of shock, acceleration 
initially on susceptible components, particularly 
tolerate the relatively conservative requirements 
No other components are sensitive, and would only 
in fabrication. 


and vibration should be performed 
the SIC terminations which should 
but which have not been checked, 
fail in the event of some fault 
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SECTION V. 


DETAILED TECHNICAL RESULTS, COMPONENTS 


Thin section details component developments. The P«*P°™ 
the oaths followed in the developments, and provide the data used tor t no 
final* designs! Where the developments pointed to approaches for possible 
further improvements, such approaches are described. 


5.1 


WAVEGUIDES, FLANGES , GASKETS, AND VENTING 


5.1.1 Waveguides 

Selection: The waveguide assembly designed, fabricated, and tested 

in this program operates at a frequency °£ r 8 ^ 6 G Hz%ith results St ended to 

Figure*? . i* shows the three hands considered tL'retoLeSded 

frequency* range* so * any^d inferences Imong the three in terms of band location 
are not significant. 

The 8 36 GHz was selected because of the in-place 5 kW testing facility 
associated with a vacuum chamber. Different ptenomena, a^'^vegulde'dlmenslona 
breakdown and thermal affects , will vary with ° f the8e 

so scaling factors are necessary to predict * cc f“ e ^. t ^,fS t he8e are 
phenomena at the two final design frequencies of 12 and 2.64 GHz, these ar 

discussed in Sections 3.2*3 end 5*9. 


Standard waveguide sizes are 

used in all cases: 

Centimeters 

(Inches) 

12. GHz 

WR75 

l.d. » 0.952 x 1.905 

(0.375 x 0.750) 

8.36 GHz 

WR112 

i.d. = 1.263 x 2.850 

(0.497 x 1.122) 

2.64 GHz 

WR340 

l.d. - 4.318 x 8.636 

(1.700 x 3.400) 


Compensation tor cne auietmn. 

functions of Section 5*9* 

The basic waveguide used was of “£ ^“che.) 

RS-261A except that an interior surface fit nish 0 . 5 specified. In a 

RMS and an interior tolerance of 1 ^ 0.001 p J opertle8 a8 a 

flight system, 6061- T6 would be ui sed llablllty of beryllium copper waveguide 

result of heat trea J-* n 8 an8 a8 11 ®* 1 aB checked for possible use where aluminum 

r tzsnzsusx tg SSra-i umrs svss 

si-sis ** -» at 2 - 64 • ” here 

components are much larger. 


Assumed 

Center Waveguide 



Figure 5 . 1 . Comparisons of Three Frequency 


Several motor In In wore considered to Identify preferred onen for 
m u„ .K«T Sb^IU™ .bowed tho boot choree torl.tic, but 0 very difficult 

to work end wn. to Jot tod. Aluminum 1. an t ^°f" B “S™^ d o r aby" Copper 

connldcred, and a allvot or copper plating toducooCholMaoo 

la .1.0 a good uboluo and would not WJi» f »““»•*" ^“y^it^ for tho envl- 
iHtics of vnrioun materlnlo. Xnvnr with n ailvov p ’ blll J to' ovoid oerloun 
tion of tho diploxcr which require extreme mochnnlcnl stability to av _ i 

corrosion in the atmosphere. 


one -8 skin depths for aluminum and silver at tne enree h 

a. V am / *t<tn 1 


$ A l> cm <M in) 

s *g- cm 

()iin) 

7.4 x 10” 5 (29.1) 

5.7 x lO- 5 

(22.4) 

16 x 10* 5 (63.0) 

12.4 x 10' 5 

(48.9) 

9 x IQ" 5 (35.4) 

7.0 x 10* 3 

(27.6) 


12 GHz 
2.64 GHz 
8.36 GHz 

r. sTi“isr<s i’« i 5 , »s’»”j».gSS' 

costs tor extreme .moothness. Attenuations for the three guides «itn 
and a 0.254 micron (10 uln) roughness are listed in Table 5.2. 

invar. The general methods to be used are as follows. 

Aluminum: Dip braze or vacuum braze, follow with heat treatment. 

Aluminum. bea „ weldlng al8 o can be used but usually is 

not required. 

Invar: Furnace braze 

Difficult Situations Involving dissimilar metals a^/or critical 
dimensional control: Electron beam welding. 

Silver Plate: Electroless process - gives uniform coverage up to a 

Silver riace. * q£ 5 x 10 - 4 cm (2 x 10“* in ) for intricate 

assemblies ; use at least three skin-depths to minimize 
diffusion effects between A1 and Ag and to minimize 

resistive loss. 
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Elpctroplating must bo wpod for plating greater than 
5 x IQ-'+cm (2 x IQ"' + In) 

gtivor Pinto Protection: cnn uno n nllvor-convoraion rnthnr tbnn Au 

or Rh flanhing 

Thuo tho techniquon nvnllnbln will provide Cor nil tho fabrication required 
Cor optimum npneo oriented waveguide eomponentn, 

Rl PctropoliflhinK t Eloetropo l tailing won conoldorod no n monnn to reduce rf 
loBooti duo to roughneoo oC wavoguldo Interior walla (rof. i, P“8J fc 

polishing ia the reverse oC oloctroplatlng; It romovoo material from the object, 
more from the peaks than from the valleys, which results in lose rough surface. 
SSicteg rSuglToss from .762 micron. <30 pin) to .381 micron. W jl«) ' - remove 

about .0254 mn (.001 Inch) oC surface mntorlnl, which U usually negligible. This 
amount of elecxropolishlng should reduce losses as follows, assuming .762 microns 
(30 ^iin) initial roughness: 


12 GHz 
8.36 GHz 
2.64 GHz 


- 23.5% 

- 20.7% 

- 12 . 57o 


A loss test was performed on a .305 meter (12 inch) electropolished sect ion. of : wave- 
guide but no significant improvement was observed. The conclusion was that 
*254 micron (10 uin) specification placed on the waveguide vendor was met and further 
polishing will have little or no improvement. 

oversize Waveguide: Oversize waveguide has been considered as a "leans for^ 

reducing losses; typicaTvalues for two such guides are at the bottom of Table 5.2. 
Oversize guide would be relatively lower in effectiveness for the harmonic filte 
since there are many more higher order modes possible than in * e 

nooroach also mav be undesirable for accurate power monitoring using directional 
couplers. The diplexer design may be impossibly complicated in the coup ing r 
Thus the recommendations for use of oversize waveguide is limited to Jbe run from the 
rf assembly output to the feed horn and would be considered only for long runs. The 
W-75 waveLlde tas a loss of about 3.27. put motor (IX per foot), and. run of some 
dlstanco »uld havo to be Involved before the overall guide Is considered advisable. 

From Figure 5.2, a 12 GHz oversize rectangle waveguide, retaining the TEp 
mode, co IZ take on th^ following dimensions for a 1.64* (.0706 dB) loss per meter 
(0.57, or .022 dB per foot): 


height x width 


cm x 

cm 

(in x 

in) 


1.42 x 

2.84 

(0.56 x 

1.12) 

(1:2) 

2.03 x 

2.03 

(0.80 x 

0.80) 

(1:1) 

3.56 x 

1.78 

(1.40 x 

0.70) 

(2:1) 


These assumed R 8 A\ - 7.96 x 10*5 for silverplated aluminum. In ea ch case, mode 
control becomes 8 a problem since additional modes can be supported for the tun 
mental frequency as well as harmonics. Even bends, which are about the simplest 
component, must be designed with great care to avoid power conversion into 
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unwanted modes, Transition topers from standard also wavoRuldo to ayarsizo cause 
the concretion of spurious modes, which csn he minimised by using relatively long 
tapers. This further emphasises the recommendation that ovnrslso waveguide should 
be used only for long runs whore the loss reductions would be significant and long 
transition tapers are tolerable. 

5,1,?, pisconnoct Finnans 

Standard Cl® type flanges wore utilised for disconnect purposes botwoon 
components and at the input and output terminals. (In the flight configuration, 
only ond flanges should bo boltod and all others woldod after operation io satin- 
factory.) Tho CMR flange, a minlaturo E1A rectangular typo, wao shown in H(!^ 0 
3.5 l it is small and light, and can achieve a very tight junction when uoed with a 
sealing gasket. The eight bolts with rather close opucing can provide a high 
compression force between flange faces. 

Other types of flanges considered ware the larger CPK version of tho EIA rec- 
tangular flange, a choke/cover and cover/cover type, and a quick disconnect type; 
these types with their relative advantages and disadvantages are in Figure 5.3. 

5.1.3 Gaskets 

Gaskets may be of two types: soft aluminum with a raised cross-hatch con- 

tact area, or resilient material, a silicone, with embedded silver spheres. The 
first type, which was shown in Figure 3.6, was used in this program. The gasket 
was of 6061 aluminum, .02 , cm (.010 Inches) thick with a cross-hatch area raised 
.005 cm (.002 Inches) on each side. The cross-hatch pattern consisted of .0127 cm 
(.005 inch) width raised lines spaced .089 cm (.035 inches.) The shape of the 
gasket is that of the flange. This gasket requires a considerable clamping pressure 
to insure the flange will crush the .005 cm (.002 inch) cross-hatch region sufficient 
ly to make a solid contact to eliminate all rf leakage. Typical pressures required 
to achieve a -130 dB leakage are: 

12 GHz 1,043 kg (2,300 lbs.) 

8.36 GHz 1,814 kg (4,000 lbs.) 

2.64 GHz 10,000 kg (22,000 lbs.) 

These are no problem with appropriate sized stainless steel bolts. Gasket fabri- 
cation used conventional photo-etch methods . Insertion losses per gasket were 
computed to be: 


12 

GHz 

0.002 

dB 

8.36 

GHz 

0.0012 

dB 

2.64 

GHz 

0.0002 

dB 


Resilient gasketB that may be considered are cut from Chomerics 1224 material or 
equivalent. This is a low outgassing silicone with a copper screen sandwiched 
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for stability, and loaded with silver spheres for conductivity. The roster ial is 
aeLrally acceptable (AppendlxII) since outgasslng is low after a suitable bakeout 
and very little outgasslng surface is exposed to the waveguide interior. 
computed VSWR of 1.005 which is satisfactory, and clamping pressure is much less 

than for the metallic gasket: 


12 GHz 
8.36 GHz 
2.64 GHz 


36 kg (80 lbs.) 
75 kg (165 lbs.) 
750 kg (1650 lbs.) 


These gaskets may be reused, but should be cleaned and baked for use in vacuum tests. 
Losses will be three tines that of the aluminum gasket because of its greater thick- 
nes^and tendency to defom, but .006 dB per tlenge at 12 GHz is still quite nominal. 

5.1.4 Venting 

The purpose of venting is to insure that no significant amount ^ 8 a s or subli- 
raation particles can accumulate at a point within a waveguide component to cause dis 
ru P tive P rf arcs. The entire waveguide system is vented to give an open e ^^’ leak 
pressurized waveguide approach would result in a total system fail r 
ever developed. The vented system is obviously more reliable when the thermal 
stresses between 193°K (-80OC) and 373°K (+100°C) are considered, and the general y 
fragile nature of the waveguide windows and electrical connections are recognize . 
^elask has the restriction, however, that the rf leakage from the vents must be 
low enough to keep the total rf leakage from all sources below the ®P® c ^® tlon 
of -80 dBW at either 12 or 2.64 GHz. For practical considerations, the tota 
leakage from the vents is nominally set at -130 dB, or the equivalent of 9 

Vent Size to Remove Outgasslng : The initial objective ot *° 

insure adequate open area for gas particles to egress. The effect of venting 
gas particles can be expressed in different ways: a rate of flow of number of 
particles^ volume change rate, or pressure change rate. The first approach is 

expressed by (ref. 5, page 90) j 

dN . I v a .A(n2-ni) 
dt 4 

where B is the rate of molecule outflow, v a is the molecular velocity (iron Boyle's 
Law) ^ A is the orifice area, and n2 and ni are the number densities of gas 
^articles on the high and low pressure sides of the orifice. At the col es el "P 
ature that might exist, 193°K (-80O C ) in an eclipse the P ar ^^ 0 Ve 0 J° C ^ 8 ^ f 19 % 

as f functiofof^PfUe diame?ef is iSdiwteftrFiUe^!^ 6 These curves assume 
nl is negligible, o- the lower pressure is much less than the 

show clearly that r;en in the safe operating region of .0133 N/m (10 Torr) , an 

opening of !l27 cm (.05 inches) diameter will pass 10 14 mo J^ uleS the ^ 

of the molecules in 103 cc (1 liter). With ten vents per 103 cc (1 liter), the 
exhaust certainly would be complete in a matter of minutes. 
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Figure 5.4 
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Molecular Flow Rate 
Through Orifice Versus 

Orifice Diameter 


(for water) 

dN/dt 
nolecules 
oer second 
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Figure 5.5 

Vent Conductance Rate 
Versus Orifice Diameter 
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mmme aBSmm 
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saai 


.0254 (.01) .254 (.1) 

Orifice Diameter 




The outROflfllng can also be expressed in cubic centimeters or liters per 
second J>er square centimeter, which is a convenient comparison Parameter since 
1200 cc (12 liters)/ sec/cm^ is about the maximum that can be achlevod 
molecular f low (moan free path large compared to dimensions of component being 
considered). Figure 5.5 Indicates the outflow rate that would bo achieved 
(Reference 5, page 92). From this data, it would appear that a vont aize of 
197 ( 05 inches) and a length of 1*016 cm (0*4 inches) would result in 

maximum conductance rate of 20 cc/sec which, again, would P r °^ d ® Lneratf little 
gassing function in a matter of minutes for most components g 

contamination. A check on pressure reduction rate indicated ®* 12 ^ ®in showiSg^ ? 
diameter orifice would reduce pressure by a decade in 33 seconds, again snowi g 

orifice size is not a problem. 

Outgassing from metal surfaces is usually negligible after a short J:ime 
in a vacuum particularly if heat is applied such as from rf losses in a wave 
guide. Outgassing may be significant from oily uncleaned components , 
materials, and porous materials such as the SiC terminations used in the syst . 

The first item can be avoided by a complete and careful cleaning process o 
every component and part of the system as assembly progresses. In this program, 
this procedure was implemented* 

organic material, are generally avoided. Some interc< meeting vavegn: Lde, 
not a part o£ the subsystem, used gaskets of Chomerlcs 12/4 

vacuum testing. If this contributed to the residual gas ln ^ “veguide y , 
the effect was negligible. However, the com,,cuents tot the space orienteo cr 

mitter can avoid organic materials. 

The porous termination material is not avoidable. But its effect can be 
minimised by baking before installing, and further heating in space for several 
hours before full transmitter power is applied. 

Outgassing of rf absorbers is also not well defined. The GE Tube Depart- 
ment bakes 8 SiC at 873°K (600°C) for 8 hours. Outgassing varies as a function of 
rtf exp^enUal of temperature; although the expression for the variation is not 
simple P (ref. 6, page 38). As an order of magnitude, an assumption that c 32 3 o K 
simple gas law applies permits equating P/T° for the two conditions, and at 323 K 

f50°C) a termination size piece should outgas adequately in about a day. * 

W» a lenanatiuu b - -, 3 ov and a week to permit completion 

would thus appear that an ambient of 323 K ( 5 U W ana • ; ee * te _ t DroRram 

of the outgassing process should suffice for SiC material. In V P 10~4 N/ m 2 

of sfrton 6.3.3? outgoing had stabilised at cbout a pressure of 6.7 x 10 H/m 
(0.5 x 10”5 Torr), and was continuing at the test terminati n. 

nr from Vents: The outgassing removal did not place any severe 

restric tion on the orifi 7 e ~ but rf leakage must also be considered. For the 
requirement that the 5th harmonic must be attenuated, no radiation ^ould be 
pSmUted from the vents at that harmonic. Thus the vent diameter will be 
smaller than the cutoff limit for cylindrical waveguide: 
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f 

12. GHz 
8.35 GHz 
2.6 GHz 


5f 

60.0 GHz 
41.75 GHz 

13.0 GHz 


n (cutoff) 

0.292 cm (0.115 inches) 
0.419 cm (0.165 " ) 
1.344 cm (0.529 " ) 


Attenuation is given by: 


c* 


2 TT 
he 


1 - 


(- 


-) 


neper 8 /length, 


which applies for all cases 

could be set at about 0.8 which would then provide an atren^ ^ Umit of 31 . 9 

d^per *d ia^t er^ of P l^gth'f o^ 1 we^harmonic g^ould tST” * 

much less than cutoff. Thus the maximum vent diameters should 


12.0 GHz 
8.35 GHz 
2.6 GHz 


0.234 cm (0.092 inches) 


0.335 cm (0.132 
1.074 cm (0.423 


It 


) 

) 


, ^ orifices determines the attenuation, and 

The length of the tunnel for each of determining overall attenuation, 

the total number of tubes must be considered ^ to le ss than 

To meet rf leakage requirements, J e f ^ff^vSuide subsystem was about 40 plus 
-130 dB. The number of vents used in 5* e " j® low each of the 40 vents had a 
400 in the harmonic filter. To keep *J e * vent and - 143.5 dB for 

length /diameter ratio of 5, giv ng - length /diameter ratios of 7, and 

the total. The harmonic filter had vents with ieng / t te8t8 , no rf 

the 400 vents should leak no more than -197 dB. m expert 
leakage was discernible. 

Vents .ere generally placed as 

terminations were vented at about one flanges. The diameters used, 

SX ^ 0 O^VnX.T" T.t casc, y . .ss adequate as can be deduced fro. 
Figures 5.4 and 5.5. 

Vent Configurations 

. j_ picur e 3.7 can be used in whatever form best 

The three techniques shown in Figure J./ ... b ide ntified before 

fits a given conponent configuration^ e yp h Inverted channel of Figure 
fabrication so any naterlals to be added, euch as the^nver the out . 

^assln^rate «“« *“ *“ ‘ 

straight* tunnel* Z Z. factor 1. not of significance. 
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5.2 HARMONIC FILTER 

5,2,1 Performance Requirement 

The specifications for the harmonic filter, as noted in Section 2.1.3, were 

-KASK YSSZSSSZ performance. 

Pertinent specifications, all of which were bettered, are. 


Attenuation: 


£ - < 0.3dB 

o 

2f »>30dB 
o 

*3f 0 « >20dB 

*4 and 5f «^10dB 
o 


* (These were not measured herein) 


VSWR: 


f » < 1.05 at center 
o 

f - < 1.5 


RF Leakage: f c 


less than -111.75dB 
less than -91.75dB 


The implication of these characteristics is that the transmitter tube may 
generate a^least 5 significant harmonics that may be as great as -20dB, an 
the filter should be capable of accommodating such performance. 

This is not a likely situation for the type of tube to be used at 12 GHz, 
which will be either a klystron or a coupled-cavity TWT and usually Will have 
lower power at the higher harmonics. Typical values are (Reference 9): 


[f '1 


Klystron 


-30dB 


l40dB -40ciB* -40dB* 


TWT (Cavity Type) -30dB -40dB 

(^Estimated Maximum) 

Thus the attenuations noted should reduce the harmonics well beyond 50dB 
below tto eatt?e“ Sty a helix type TWT Is likely to have high power harmonics 
and thus would require a filter with greater attenuation. 
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The requirement for measuring the harmonic eHeetlvenene 

llmltod to Include only the TEqi and modes with significant energy from 
second harmonic can appear In five different modes vltn^lgn^ ^ ^ 

a TOT or klystron likely In tho TE 11 T» l heven different modes, although 
and TE-| * The third harmonic can appear In eleven diireren c<JUIlUllg ot 

the varloufl'^harmonlc^^do^t^th^he^Mnlc attcnuator^cavltlOB^ tho effectlvcnees 

program* 

5.2.2 Harmonic Filter Type Selection 

, _ - v arnm -4e filters were considered in this study. The two 

Several types of harmonlc fllters were ..large-aperture’' 

preferred types selected were the standard leaky wail y ■ d d but rejected 

leaky wall type which were shown In Figure 3.8. otners con 

for this program were: 

Waffle iron - a reflective type which is subject to multlpacting 
(Ref. 47; absorption Is preferred to reflection. 

Helix Open-Periodic - data Indicated poor 2f 0 attentuatloni would 
be excellent aT3f Q and higher (ref. 2). 

..fr.l Leakv-Wall - also had poor 2f performance hut excellent 
higher harmonic performance (ref. i) . 

Zlc-Zeg - physically smell but high insertion loss; may be 
^(icceptable at low frequencies (ref. 7); see below. 

The Initial preference was for a leaky wall tTP® ^eiuMsT! ^ typical 

effective, at least for the second and thlr ° F1 gure ‘ a lso shows that the 

filler" Is *more^effectlve at the dth and 5 th 

harmonics. 


tioTTco Wivnuiot kUHY #»a rjn* 

LAME AH*TU« LEAKY WALL KtLttK 
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Figure 5.6 Filtering of Leaky -Wall 
and Large Aperture Filters 
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But the large -aperture type, essentially made up of open waveguide ends, 
would have about 0.5 dB loss at 12 GHz , compared to 0.2 dB for |J e l ° aky 

wall typo. Thus as a compromise, two short end sections of slotted leaky wall 
filter wore separated by a short center section of the largo-aperture type. 

The latter provides better high harmonic attentuation, and increases the overall 
loss by a smn amount. An all slotted type leaky wall filter might have a 

loss of 0,2 dB; the combination should have less than 0.3 dB. The improvement in 
harmonic attentuation at the 4th and 5th harmonics, and the probable higher 
coupling for other modes of lower harmonics, makes this approach optimum for the 

program. 

The leaky wall filter for 8.36 GHz was about 45.7 cm (18 inches) in length. 
This trans lates^to 31.8 cm (12.5 inches) at 12 GHz and to 1.45 meters (57 inches) 
at 2. H im. Since the latter is rather unwieldy and is heavier and mor e , voluminous 
than desired, the recommendation is to develop a zig-zag type for the 2.64 GHz 
frequency region. The general layout of this filter type is shown in Figure 5.7. 



LOSSY AT HIGH FREQUENCIES 

- good at s-band 


Figure 5.7. Zig-Zag Harmonic Filter 


Note it is very similar to a folded version of a large-aperture filter in that 
harmonics couple into attenuators through essentially open £ av ® 8 ^ d ®J? e ^ d J^t 
mental frequency cutoff. The S-Band loss waB estimated to be 0.25 dB, the unit 
would be about 35.5 cm (14 inches) square which is quite reasonable. The attenu- 
ation of this type at all harmonics of interest is 50 dB or better. It would have 
too much 5,ss to be effective «t 12 GHz, however, wheve lo.. 1. ..tinted .t 
0.55 dB or more. 
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For the slotted loaky-wall filter, the qualitative coupling for the broadwall 
and narrovwall elate are aa follows (ref# 9)s 



TB 10 

r-i 

o 

w 

H 

TE 11 

™11 

TE ?0 

™21 

™31 

Broadwall 

Medium 

Low 

High 

Medium 

High 

Medium 

Low 

Narrow-Wall 

Low 

High 

High 

High 

Low 

High 

High 


These show good attenuation for all the modes noted. The l"ge aperture center 
section of the filter would generally ' lodf attentlation requirement, 

«r. r . Eft s* nsviiM s: - ™«d » . 

satisfactory level. 


A technique oon.id.red but not ev.lu.fd u.e to u.e »d. 
conventional leakv-wall filter to change energy content of the various harm 
modes in the filter to improve coupling to the side guides. The action is com- 

^ ■» — » «**« *"*• ,petture 

coupling is preferred. 


The types selected or recommended, therefore, are: 

12 - • »rc£n u i KlLT^nrtu^irsr.^^ 

2.64 GHz - zig-zag type to reduce size and weight. 


5.2.3 Slot Designs 

The slot designs for the end sections ofthefilterfollwaconventional 
design process, similar to that in reference 8. Each end of the filterhas six 
rows 8 of P 20 slots each, with two rows on each broadwall and one on each a bewail. 
The layout of the two end sections is shown in Figure 5.8, and slot dimensions 
are in the Table below. 
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Broadwall 


Sidewall 


1 
1 

2 

3 

4 

5 

6 

7 

8 
9 

10 




cm 

(In) 

.396 

(.156) 

.470 

(.185) 

.546 

(.215) 

.622 

(.245) 

.698 

(.275) 

.774 

(.305) 

.850 

(.335) 

.927 

(.365) 

1.003 

(.395) 

1.003 

(.395) 


Width 

cm (In) 


.3 


(.125) 


Length 
cm (In) 
.396 (.156) 

,470 (.185) 

.546 (.215) 

.622 (.245) 

.698 (.275) 

.774 (.305) 

.850 (.335) 

.927 (.365) 

1.003 (.395) 

1.003 (.395) 


Width 


cm 

.317 


(in) 

(.123) 


11 

12 

13 

14 

15 

16 

17 

18 

19 

20 


1.003 (.395) 
1.003 (.395) 
1.003 (.395) 
1.050 (.413) 
1.095 (.431) 
1.140 (.449) 
1.087 (.467) 
1.233 (.485) 
1.277 (.503) 
1.323 (.521) 


.317 (.125) 

.345 (.136) 

.373 (.147) 

.401 (.158) 

.^29 (.169) 

.457 (.180) 
.485 (.191) 

.513 (.202)* 


1.003 (.395) 
1.003 (.395) 
1.003 (.395) 
1.036 (.408) 
1.070 (.421) 
1.103 (.434) 
1.136 (.447) 
1.169 (.460) 
1.201 (.473) 
1.233 (.486) 


.317 (.125) 

.345 (.136) 

.373 (.147) 

.401 (.158) 

.429 (.169) 

.457 (.180) 
.485 (.191) 

.513 (.202)* 


* Actually, these were .520 (.205) which resulted in an open end slot, per Fig. 5 


The slots are spaced on 0.610 cm (0.240 inch) centers, and centered on the inside 
centerlines of the narrow wall and half-sidewall. The slot patterns in the first 
nine slots were tapered linearly to provide a gradual transition from the 
unslotted input waveguide to the several slots in the middle which were 
resonant at the second harmonic; the transistion resulted in a relatively small 
reflected signal from the early slots. The second tapering from slot #14 to 
#20 was to effect a transition to the center section which is made up of open 
waveguide ends. A sketch of the appearance of this taper is included in 
Figure 5.9. The height of the WR112 waveguide is less than half the width, 
so the narrow-wall slots above have a different dimension than the broadwall 
slots. In the case of WR75 or Wfc340 waveguide for 12 and 2.64 GHz, the narrow- 
wall slots would have the same taper as the broadwall slots. 

The center section of the filter consists of 25 slots per row, and these are 
made up of .0762 cm (.030 inch) aluminum sheet. The waveguide wall looks like ends 
of waveguide cut for second harmonic operation at 16.72 GHz. The configuration is 
obtained in the assembly of the pieces, and does not involve a separate slotted 
piece of waveguide as do the two end sections. 

Experimental evaluation of slot performance was performed at 3.3 GHz, which 
permitted measurements through the 5th harmonic with available test equipment. 

The tests used WR-284 waveguide with a one inch slot on one side of the broadwall. 

A test on the large-aperture type of coupling to an open waveguide was evaluated by 
using a section of WR-137 waveguide on the broadwall of tne larger guide. The 
resulting attenuations per slot for the TE^q mode were: 
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Harmonic 


2.54 x .794 cm Slot 
(l» x 5/16") 


WR137 Slot 


2 

3 

4 

5 


.20 dB 
.08 
.035 
.022 


.14 dB 
.12 
.10 
.08 


.01 dB. However, the Utter le effective for TE 0n inodes, end ell TM modes. 
j.2.4 Tab and Slot Assembly 

The leaky wall harmonic filter involves a large number of small waveguide 

sections surrounding the main transmission guide. To several types 

anv way but dip brazing would be very expensive. The filter consisted of several, type 

Departs which were precision cut, assembled by inserting ^ 8 t hen U dii°brazed to 
twisting same to achieve a rugged egg-crate type package, and then dip grazed t 
electrically seal all the seams in the entire component. The initial attempt to 
d T-e SeTaLnic filter used external jigs father than tab ’ 

hilt the brazing did not fill all the seams. This was thought to be due to the 
extreme softening and sagging of the aluminum which reaches a temperature only about 
5°K below the melting point of the aluminum, and the jig didnotprovideacomplete 
support for the parts. A second filter of tab and slot eon Wty 
well. A couple of seams were still open, which was attributed to the 
inaccuracies P in the cutting of the parts by a nibbler. This suggests that fut 
filter parts be die cut to insure high accuracy and uniformity. Open seams 
many cases lead to substantial reflected signals. Further, rep ^J 1 d ® P t ls 
satisfactorily is very difficult because of the small openings and deep tunnels 
formed by the cell type of construction that results. 


The filter shown in Figure 5.9, is made up of 66 cross section} like the one 
shown ^n Se SUerShtch hold 10 side pieces in place. In addition two sections 
of WR112 waveguide are used for the tapered-slot section at each end of the 
dL brazing w!s then performed; this preceded the inclusion of the absorbing termin- 
“ each of the rtfa waveguide. A cross section aE the centec .cct on 

where the propagating waveguide is formed by the cross plate and ® ld * 1 P gg erosf 
I. shown in Figure 5.10. Included are the 20 tabs used on each of the 66 cross 


section members. 


Figure 5 . 9 


Harmonic Filter With Parte 



Figure 5 . 10 Center 


Cross -Section of Harmonic Filter 





5.2.5 Termination Design 

Tlio harmonic filter required a total of 390 terrotnattona for the endn of the 
nidc gulden that absorb the hormonlc power. Single terminations rmch nj oloo- 

Zr/in tho system used Individual SIC spears ^nllnod nni 

Thin would be prohibitively exponntvo for the harmonic mtur. provide the P 
were cut In groupn of 11 before firing, nnd thus 

termination roflnlroronntfl Cor 11 compnrtroontBt Actually! t S Q ’ « .. 

«. *>*»* 

.till'Vermitted a ^cLnleoWrongranont whoroby tho pl0 “° 

Plot, in the croasplocou; note tbo .lot. ot tho oxtrcmitics ot tbo crons .notion 

piece h of Figure 5.10. 

A typical piece of the SIC termination material is included ^ * 

?,r k rnsr-s 

at-^kS! ■sr-ss 2=^“==" zxzxsi. - 

this la not a critical factor. 

■tbo material used vas typo SP .lUoon carbide Which »■*»** £ r S.£5 tr ° ly 
adequate . No baking was performed, and a .mall amount of « ut »«l«8 Potai.tod^^ 

during the tost, in a vac, "“”• "^(6004)^1^ tttw“bt“ioMwnded . Tho 

for several hours or more at 873 K (6 ) f 8P ace waveguide component, 

material 1. used in vacuum t^o. and so U anitabU C S tllltn|s , 12 cm (3/64 

particularly when vented. Venting, in this case, e c,o-erate configuration, 

inch) holes in the cap strip, one for each compartment in the egg crate 

Other materials considered for the terminations were: 

Eccosorb ZN and NZ ferrite material 
Silicon Carbide, Norton Co. 


EMAiron 

EMA-9030 and 9040 

The materials used in formulating some of ^'^““'^^"^^."tpplicoblo with 
little outgoing date. Hoover, t r "l« • number of 

;-^-a XSIriS S’.iSSS^iSUS^i.n a. to minimise cost. 

5,2.6 impedance Matching 

The filter as constructed showed a remarkably good VSWR, f ° u * \\?J’ b £; 
xhc nicer as c increased to about 1.12 which is not 

frequency near 8.2 GHz. At 8.36 GH , lt8e lf t o adding metal irises as required, 

within tolerance. The ^embly di 1 lfled as belng the transistion points 

beU™ tb^slotted-leaky-gnid^eections on the end. end the opon-wavegulde large 
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rz-jsrjsr- 

sis ^ f xWTM^ 

s* -srss sw-^J^si i*s 

which mny bo 1.02 or loss. 

5,2.7 Perfornumeo 

■„ - ’g. > gai.;“s -.s-SuS-.:-™:: eke S£ ££»“» 

flocCed°aignal8 V at R the°output 2 «“ «»“«“>" ln thc tube - 

Second harmonic attenuation was as follows: 

TEio mode: more than 60 db over the band 

TE 01 mode: 45 db at low end, 39 db at high end of band 

The VSWR's for the second harmonic peaked at: 

TE 10 : less than 1.12 

TE : less than 1.05 

These are all well within the specifications •* * 

higher harmonics indicated that all harmonics will be heavily attenuate , 
based, for example, on the response of Figure 5.6. 

Attenuation of the fundamental »as aleo found to he low, ’ tary Ing ftom 0 16 dB 
at the low end, to 0.22 at center frequency, to a maxlnmm of 0.25 at Jj ha Pj\ 
frequency limit of the band. The VSWR, as mentioned above, was zeroed on tte 

indicator of ^/^/jf^ea/thruppe^'end. TSSure^nt of the compete 

waveguld^aaBembly VSWR confirmed that an excellent match had been achieved. 


70 


I 




•• I 


5.3 POWER MONITORS 

5,3,1 Rovorso Power Monitor 


5. 3. l-l Roqulromnntft 

Rovorno power to on Important parameter In that WT'o nn J 7*‘!"7no»or 

tuboo nro sonoltlvo to refloated power nt the output eovltjf. High 
love In lend to eorioue dlotortlon of olijnol transfer thnrneterlottco^ 

and poeeiblo dama*. to “"^“^er ’ vsro<l“ Z carrier 

fre5^nc y :“Inr^r. l ZnT,h;° 6 t^o me“ttL ovoi the band. Accurac, was 
to be +U5 dB which Is quite difficult to accomplish with such a small signal. 

The directivity was determined as follows: 


Reverse signal ■ -32.22 dB 

Accuracy; allot 0.5 dB to level calibration error, 
coupler; then 


1 dB in directional 


Reverse Signal Apparent Range Limits: 


-31,22 to -33.22 dB 


f range: .0218 to .02745, one half total difference - .00283 

Directivity is then 20 log (.00283) “ -51 dB 

Directivity at VSWR = 1.15 can be computed similarly to be -41.8 dB 


These directivities can be relaxed somewhat if the detector calibration error Is 
made less than 0.5 dB; for Instance, an error to 0.4 dB changes the directivities 
to -50.2 and -41.0 dB, respectively. 


A sketch of the directional coupler used for the measurement Is in Figure 
5.11; the actual coupler was shown in Figure 3.10. The approach selects for 


<.i. — * 


i. 


tjxlO P _ 
tl.4xlO-7p 


H 


A 


■ ^ Reflected Error, 
• 00 ^.- ' , i > 


. 0006 P 

, | 

T 


. 999P 



Figure 5.11. Reverse Power Monitor Relations, -30 dB Coupling 
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implementation of the high directivity waveguide coupler was to implement a multi- 
S2S5125 design wl'th high directivity end J 

characteristics. In the reverse power couplet, the PORWAW) vave slgna 
is coupled Into the fourth port termination at a level 32.22 dB higher than the 
PEVERSE signal coupled Into the detector port. The Intrinsic directivity of 
the coupler can be altered adversely by the reflection of this 

sample from an imperfect termination. This problem was countered by controlling _ 
two factors. First, the VSWR of the termination was held to a low valve consistent 
wlth f the directivity of the coupling array. In fact, it was selected so that the 
reflection from the termination was approximately equal to the co “ po "®** °* 
component of the FORWARD signal coupled to the detector port due to imperfect 
coupler directivity. Second, the termination position was determined experimentally 
where the approximate ly equal "reflection" and "directivity" components due to the 
forward wave ? are out of phase at the detector port at band center, thus, improving 
nvArali midband directivity somewhat from that attained with the array alone* 

silicon-carbide load vif, VS«S<1.02 was used. 

The detector nominally measures 0.9 milliwatts under the optimum conditions. 
This power level would risesubstantially if a large reflected slgnalisencounter- 
ed and with a VSWR of 1.30 as might be expected with a diplexer in the 12 GHz 
region this power level becomes 25*4 milliwatts. However, with an a c ti 

SreaUwn at some point in the guide, th. rc*Uct.d power ^e “tire 

Pianal which would produce a signal as high as 1.5 watts, for a 1.0 kw rransmxcce 

i’o prevent this power level from damaging the diode detector, a m er ° unit 
,? uded Representative solutions to this requirement are (1) a combination unit 

^orCic ?SS JKT2. £ - 

^T^t^ l^Uiona! ™d 

implementation 1 of detector protection is reasonable under fault conditions. 

The bandwidth of the reverse power monitor is not a problem. Matching the 
unit to achieve the very high accuracy required is of concern but proved to be 
achievable with the design that evolved. 

5.3. 1-2 Design Approach 

The design method used for the reverse power monitor followed the method of 
Levy (ref. 9 ) which showed the general design approaches and typical r ® 8 “ lt: ® ° . 

^WR90 unit This was scaled to WR112; and the hole sizes were designed to proxlde 
rhf!So SB Coupling required. A sketch of the resulting hole pattern on the wave- 
guide broad wall is shoJn in Figure 5.12. This coupling was placed between the two 
^ a a onrp 5 11* flanges were affixed for the input, output, and detector 

TZTAu. °The^ latter 'two po^fregulred elbow, to provide a wean, of achieving a 
compact two transmitter layout. 
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Figure 5.12. Hole Pattern for Multiaperture Coupler 

The output is attached to the next component in the chain, the harmonic filter, and 
the detector port has a detector module attached. The fourth port is terminated as 
discussed previously. The predicted performance was 30.65 dB coupling and direc- 
tivity varying from -48 to -61 dB over the band, using design and performance data 
similar to the WR90 coupler data of Figure 5.13. The measured performance was 
29.6 dB coupling and variation of about +0.5 dB over than band », d ^ rect J: v ^ 2 y wg re 
than -50 dB. The unit was designed to have a total of 12 vent holes, 0.32 cm ( / 
inch) diameter, distributed along the exermal broadwalls of the wavegu e use 
a spacing of 1*724 cm (0*679 inches)* 

The termination was a 16^ cm (6% inch) long silicon carbide spear tapered in 
both dimensions. A threaded insert was fastened to the large end so it cou ® 
bolted to a bracket which in turn was welded into the end of the waveguide. Before 
welding, the spear was positioned along the guide to give optimum directivity. It 
is a stock item and available from Electronautics . 

5. 3. 1-3 Assembly 

The two major sections, joined electrically by the 6-hole-pair coupling 
region, were of WR112 aluminum waveguide. The broadwall of the secondary 8ec ^J°" 
(detector and termination port) was cut so the coupling area would only be a single 
waveguide wall thick, .1625 cm (.064 inch) for the WR112. The flanges werethe 
CMR112 types. The two elbows, at the output and detector ports, were MDL-112BE32 
90° miter E types. These are the largest standard elbow of this particular group, 
and have a distance of 2.144 cms (0.844 inches) spacing between the centerline of 
the guide and the flange edge at the opposite end. In both cases, the waveguide 
wall was removed to adapt to the single-wall between the two main guides. Bolting 
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Ftgure 5.13. Typical Operation of Multiaperture Coupler 


flanges to the thermal radiator used 8-32 bolts spaced 2.54 cm (one in 
\nverted -channe 1 type vents were installed for outgassing c °^ r ^ r ^^ t ^° le8 in 
the main guide and 8 in the secondary guide containing the SiC termination. 


The entire unit was tack welded, jigged, and dip brazed. For dip brazed 
components^f langes used wore the butt type, eo the waveguide did not project all 
the way through the flange. Thus there wore no breaks in the flange face. Alttmittu 
was 606l! A small amount of warpage along the length of the com P°^ "f f *£ ted ’ 
this was faced off to provide a flat, true' surface to insure good contact for 

thermal purposes with the mounting plate. 

5. 3. 1-4 Testing 

The initial tests were to determine VSWR with a matched load. The unit 
requiredas^lliris at the first elbow location, due largely to ref lections 
from the second elbow. The impedance matching was accomplished by a alightnarrow 
ing of the waveguide by small Indentations in the narrow wall. Only a slight 
reduct ion of wiSth was'requir ed , and this was ^re effective to implement than 
placing a metallic iris inside the guide and adjusting to size by filing. The VSWR 
resulting was under 1.01 and the insertion loss less than .02 dB. 

Following this, the termination spear was located to provide ® the 
reflected signal to the detector. By using an extremely well matched load on the 
output port/the effect of moving the termination was observable, and it was placed 
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where the reflection was a minimum at the detector, i.e, maximum directlvit> at 
midband. The termination mounting plate was then welded in place. 

As noted previously, the coupling was slightly below the 30 dB objective, 
but coupling is not critical ns long as it can be measured accurately. The 
directivity was also acceptable, with a level below •50 dB* 

5.3,2 Forward Power Monitor 


5. 3. 2-1 Requirements 

The forward power monitor is required to measure transmitter power following 
the harmonic filter. An accuracy of 0.5 dB is required, which was found to be 
attainable with a Moreno cross-guide coupler. This is a relatively small component, 
and has no critical parameters. A forward coupling of -50 dB was selected to place 
the detector input signal at 15 mW level which is well within the linear range of 
the diode to be used. There is no danger of diode failure due to overload in this 
component because of the very light coupling set for coupling to the high power 
forward wave. Effect of reverse power coupling on the FORWARD power sample is 
negligible but a short termination of silicon carbide provided an adequate absorber 

for what little power was present. 


5. 3. 2-2 Design Approach 

The major design problem in the cross-guide coupler is the hole de8 *8 ns ! 
These are shown in the form used in Figure 5.14 tod were designed along the lines 
of those in standard literature (ref. 3, page 119, for example). From the guide 
wavelengths, the quarter-wave spacings in the direction of propagation for both 
the main and cross guides were: 


8.36 GHz 
12.0 GHz 
2.64 GHz 


1.153 cm 
0.739 cm 
3.88 cm 


0.454 inches 
0.291 inches 
1.527 inches 


The lengths of the slots and widths were computed from coupling eqaat f°" 8 
by Bethe (ref. 10 ) which led to a determination of the J e ”8 th s a nd widths of the 
crossed slots. Using two slots in the manner of Figure 5-14, the FORWARD 
coupled signal travels in the direction indicated where a detector is mounted to 

observe its magnitude. 

The slots were designed to provide -50 dB coupling, and results were slots 
with lengths of .394 cm (.155 inches) and widths of .079 cm (.031 inches). These 
take into account the thickness factor in determining slot dimensions. The 
directivity of this type of coupler is theoretically -26 dB. 


5. 3. 2-3 Assembly 

The Moreno directional coupler shown earlier in Figure 3.11 was machined from 
two sections of waveguide, cutting a section of broad wall from one piece such tha 
the coupling holes between the two sections were reduced thickness wall, .051 cm 
(0.20 inches). Flanges were placed on three ports, and the termination was placed 
at the fourth. Again, the termination was silicon carbide, but a piece the 

size 
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Input 
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Silicon Carbide 
termination 

Figure 5.14. Hole Pattern for Moreno Cross-Guide Coupler 

not have the severe VSWR requirements of the reverse power monitor* 

The monitor was assembled by electron beam welding.Somedistortion along 
transverse veld line. vs. noted (tilting £ ‘apacltlve ^.o^tlM ltlee^ ”» 
distortion may have been aggrevated by the use of 6061 -F aiw^num axioy 

through other components although a vent In each tiang , 

egress points in case of excessive ov.tgassing in the system at any point. 

The detector can be the same as for the reverse power monitor except no 
limiter is required. The termination was again adjusted to give a mi nimurn re 
ItlJe detector was then welded in place via bolting to a flange which fit 

inside the waveguide. 
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5. 3. 2 -4 Too tine, 


Tooto on the' unit ohowo.l n i-.mpl Jug "I -M dB with a directivity of -ZMJB, 
Th«o the slots ohould bo slightly l«r>W (*'* «»htnlnin« a -50 dB coup Una, but thlfl 
difference In no particular counoquonco an long an ltn value In known 
accurately! A low V8WR, low looo, and 10% bauuwidth wore all adequate to produce 
no limitation on the overall nubnyotom operation. 


5.3.3 Other Typoo of Coup lor n 

The demanding specifications lor the reverse power monitor led to u general 
evaluation of directional couplers. The type selected for the reverse 
the multiaperture coupler, was found to provide the best P® r ^ rn “ n ® e ! h ? 14 

large for lower frequency operation. The component at 8 * 3 * « J^gHb The 

inches) In length, which would be about 1.117 m (44 Inches) at 2.64 GHz. The 
cross-guide coupler could be used, but has a poor directivity. Five other ow of 
directional couplers were considered but generally not considered adequate £ot 
reverse power monitor if the accuracy specified in this system is required. ^ 

forward power coupler, the Moreno type had about the best combination °^ n ^ th 
and directivity. The several types are shown in Figure 5.155 the pertinent p 
formance data is as follows: 


Bethe-Hole: 


Loop Coupler : 


Schwinger : 
Riblet-Saad: 


Bandwidth 4%, Directivity 36.9 dB max. for basic 
design, small size and weight, bandwidth and directivity 
mediocre 

Bandwidth 7%, Directivity 36.9 dB max. for basic loop 
to waveguide design, small size and weight, considered 
suitable where size is important, and generally 
recommended for 2*64 GHz if requirements on reverse 

power coupler directivity can be relaxed* 

♦ 

Bandwidth 107, but Directivity 25 dB, latter not good. 

Performance same as Schwinger, Directivity considered 
poor for single hole-pair 


Two-Hole Sidewall : 17, bandwidth inadequate 

The loop coupler is the boat type, following the multiaperture type and the Moreno 
cross-guide types. It is preferred where weight is critical since it requires no 
secondary waveguide but the signal comes off on a coaxial line which may be the 
detector/mount . 

The loop tyi« coupler has a disadvantage in some applications in that its 
sensitivity increases with frequency at 6 dB per octave. The 107, bandwidth of the 
2.64 GHz band therefore would have about 0.6 dB difference in sensitivity, wiich 
would place a corresponding accuracy limit of ±0.3 dB on the measurement. However 
since this error is predictable, it can be biased out later in the data interpre- 
tation. 
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5.4 DIPLEXER 


5.4.1. Requirements 

The dlplexer is the component which permits two transmitters on different 
frequencles P to function with a common antenna, and without mutual , 

This is accomplished by the use of a four port device incorporating a dir. 2nto 
filter. The latter is so arranged that a signal at one enc of the filter w g 
to only one of the two ports at Its output and not the other. Also, a signal In 
the second port et the filter's output posses by the lllter eno goes out thc aame 
oort providing of course it Is outside the bandpass or the filter. The sketcn 
of Figure 3.12 showed the operation. A fourth port ef the dlplexer is J®™ "® ® 
in a matched load to absorb leakage power, preventing reflection to the input p 

The initial filter specifications of this program were for a 30 MHz band- 
width at 12.5 GHz at the -0.2 dB points; the 2.64 GHz requirement Permitted a 25 
MHz bandwidth. In the 12.5 GHz case, the bandpass skirt was to b ® dB <!own at 

50 MHz from the band edge; the 2.64 GHz case was to have the * sa ®® tlTicli 
MHz. Figure 5.16 shows the 12.5 GHz requirement, ahd also the theoretical 
performance of the three cavity filter originally proposed. A 36 MHz bandwidth 
is recommended (and shown) to permit some detuning from thermal and critical 
tuning considerations. 



— i i — I i I 1 ' * 1 t 1 l ' 

12*44 12.47 12.5 12.53 12.56GHz 

Figure 5.16. Diplexe* Bandpass - Original 3-Cavlty Filter 


The bandpass requirements subsequently were changed substantially ^ have 
a 0.2 dB ripple bandwidth of 120 MHz at 12 GHz, a 150 MHz bandwidth at the 3 dB 
points, and a skirt slope dropping to -30 dB at 90 MHz from the -0.2 dB point. 

I, both cases, the nominal insertion loss was to be less than 0.8 dB at 12 GHz^ 
mtuI 0 4 dB at 2.64 GHz. Figure 5.17 shows the bandpass required and the theor 
r? ! cal bandpass as computed® The bandpass of the 8.36 GHz filter as fabricated 
was scaled to show an equivalent 12 GHz performance although an exactcorrcspon- 
dmice is not likely in practice. The latter would be improved with some 
additional trimming of irises and changing the dielectric loaded en r 9es o an 
open type. This will be discussed in more detail in Section 5. a. 4. 



Figure 5.17. Diplexer Bandpass - 4-Cavlty Filter 


Other requirements for the diplexer Include 

>ver a substantial teraperaturerange , and* J, required itt the fabrication 

L93°K (-80°C) up to well over 373°K (100 C) invar is req ^ temperature8> e ven 

:o insure accurate cavity dimensions ov extrem e of around x93°K (-80°C) . The 

though it will not have to opera e wiU absorb about 250 watts, which puts a 

ievice, with an insertion loss of 0* * Hi a lexer to aet the heat to the 

considerable demand on 11 ^Possible. The expected insertion loss is 

thermal plate and distribut, it as we P difficulty. The invar must be 

about half this amount, wnich _ wi11 p , filter' invar by itself has extremely 

silver plated to insure high Q cavities J^^ e "; o ^\7 mounting is to devise 

poor conductivity, about 1/40 of si v • , ff ' in i nvar and aluminum expansions, 
a compressible member to take up the wide difference in invar an a 

initial calculations showed either the invar or the included . 

453°K (180°C) temperature excursionifnospecific relit dip lexer 

Specific designs are postponed until Section 5.4.0 at tne eno 

discussion. 

5.4.2 Design 

Narrow- BandDesinn: The Initial design for a three-cavity directional 

filter form o£ ““ developed ° v " a design involved two rectangu- 

LT»:v^utd 8 :. 1 "h.iirg r ™ rsid r : £ ;ro 1 p^tL Uled through three series cavities 
® m * c t rcu iar iris couples the rectangular waveguide 

with TBlll modes. A «^ular . ized P Undrlca i cavities through an iris so 

c Ircuit^or 0 this ^arrangement ^ls Inched U Figure 5.18, showing the series-tuned 
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Figure 5.18. 


Equivalent Series Circuit 
of Directional Filter 


version, which ean also bo 
arranged as a parallel tuned 
circuit. The constants are used 
In the equations of reference 11* 
The original development was 
Incorporated Into a computer 
program, but was modified since 
the dip lexers equations wore for 
a maximally flat (Butterworth) 
response which turns out to lave 
poor skirt selectivity. The 
Tchebycheff response used had 
considerably steeper slopes at 
the band edges, and could operate 
well within the ±0.2 dB ripple 
limit for 12 «Hz. These 
equations and computer program 
will not be detailed here since 
the requirements changed and a 
four-cavity filter then became 
necessary. 


Typical design values from the computer program for f D - 12,500 MHz were 
as follows: 


Filter 


Objective 

Butterworth 

3- Cavity 
Butterworth 

4- Cavity 
Tchebycheff 

3- Cavity 
Same 
Same 


Bandwidth Ripple 


Ra nd Edge Skirt Width at -25 dB 
Attenuation * from Band Edge 


30 MHz 

±0.2 dB 

-0.4 dB 

30 

0 

-0.4 

36 

0 

-0.2 

30 

±0.1 

-0.2 

36 

±0.2 

-0.4 

45 

±0.2 

-0.4 


50 MHz (65 MHz from Center) 
42.3 (57.3 from Center) 


53 

45 


(71 from Center) 
(60 from Center) 


26 

34 


(44 from Center) 
(56% from Center) 


(★Does not include insertion loss) 




These typical combinations of parameters show ^^/^ ^dod^^^Tchobychoff can 
broade/slopos at * b « *~d^ %.ta?£ 

uhllo^porformlng with a larger than minimum bandwidth. The 36 MBs bandwidth la 
:Si!5darJ r^l^ de, liable level to tolerate a .mall amount of thermal drift. 

The computer program for thla calculation can ' r » ‘L w “!® ldth 

— rHlr Sa^eS^l^S in^e^ere extracted from Metal'. 

rectangular^mode to ^ circular Tg U l mod. as extracted from papers by Nelson and 
Young (ref. 14 attd 15). 

utde- Band Desian: The design of a four cavity directional filterls quite 

complex relative tolhe three cavity type. The computer programs were deveioped 
for the designs of the cavities, the coupling Irises, and for thick Iris 
corrections. The programs evolved directly from the equations of the several 
filter papers of literature, with an assumption of sy^etry and very high Q 
cavities incorporated. The programs are included in Appendix III, and are in 
BASIC language. These specifically are: 

III .A - Circular Waveguide Tchebjreheff Miter <““?“• f 
III.B - Directional Tchebycheff Miter Design (CHEBPIL 3) 

III.C - Iris Hole Dia. Correction by Cohn's Corrected Eqs. (HOLCOR 2) 

A typical result printout is included in each case; the designs wereprepared for 
hV.x» y R 36 GHz ooeration (calculations at 8.35 GHz which was not a significant 

dlffer^ce at thU point) . The first program c^e V 

phase characteristics of the filter. The result was used to plot the curve t 
Fieure 5.17 at 12 GHz. The second program led to the design of the fi ^er in 
f ® , nf the two different cavity lengths, the three iris dimensions, and the 
of f^t of the rad d IMses in the rectangular waveguides. The third program was 

correction was about a 17.6% increase over that determined from the design 
program* 

they »£ SS2-Z J 

of the bandpass. The use of the newer design should eliminate this sltuat on. 


5.4.3 Fabrication 

The entire diplexer was fabricated of invar, furnace brazed, ands liver 
nlated The two rectangular waveguides were of invar to reduce the possibility 
of rt«maf st^s^Ta? the Junction with the cylindrical filter sections. The 

flanges were also made of invar. 
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The roctonRulnr waveguide was drown from a piece of invar without elm. u 

and niivor plated after tt * unit was asacmblcd. ^^ yic ^ n C J Inten 

from cylindrical bar fltock nnd notched a rout . the P^ipb^y. Tbo Ivo 

wore from Unt ntoek nnd fitted between each F n J r ° £ Pf ^unctionn for tb. rasing 
Groovon .254 mm (.010 inchon) aqua to ware plncod nt nil Junctionn tor tn k 

mntorlnl. The nnnomblod unit wnn even brawod. 

A romovnblo bushing wnn placed in the outside wnll of tbo rectangular R«ldo 
that wnn on tho input and of the diplexor, and on optical diode wan mounted in tbo 
opposite rectangular guide. Those wore aiignod with tho axlo of the cylindricm 
cavities such that when they wore removed, a gold or rhodium rod could ^ placed 
thiouch the entire unit after assembly for flashing the silver surface. The optical 
diode R was used to observe electrical breakdowns within the diplexer if one oho 

occur. 

In addition, a multipactor probe was placed in the wall of each cavity to 

provide a detection means if a breakdown should occur. The h £he inside wall 
coaxial by-pass capacitors trimmed such that the probe is flush with the inside wall 

TtL cylinder. ?he probe we. .127 cm (.050 Inch..) dleme Per ^f^ ^^.x u^LOlAA; 
nm ( 070 inchest diameter* A typical by-pass capacitor is the Erie 

this ' particular' one was 100 pfd. The capacitor was in an l ^ ar ’ ^8 0^15° volt 
inch section of RFI absorber surrounding the output lead. The probe ha . 

Ss, and c^«enf is measured by voltage drop across a 100,000 ohm resistor in series 

with the probe. 

The problem ot RF leakage wee conaldered to be minor. The probe opening will 
couple e sLll amount of power since the assembly acta as a coaxia Probe, and will 
K * The couoline should be less than -80 dB {ret* j; ana tnt 

fizvhz sots: m 

leads . 

Tha optical dioda was mountad to look through tha cylindrical cavities. This 
was on. of the three Included in the assembly. Refer to Section 5.6.2 for details. 

After completion of the initial design, operation was found to be different 
from expected , and a subtle typographical error was discovered in tl» 1 “etatute. 
After correction . the input and output iris diameters were computed to be 1.726 cm 

1°2A4 M^cheS)! "K some ^method^fo^obtainln^a^electr leal apertur°. n 

sss s ss 

relative significance to future diplexers. 




5,4.4 ^doX^ln Problem 

Thlfi program was fcho first in which a four-oa/ity directional filter was 
developed. After assembly and initial tost, it was determined that a circular 
iris could not be large enough to provide the coupling required, at least with tho 
specif lent ions on bandwidth and ripple of this program. This circumstance 
required that one of throe actions, or combinations thoroef, bo takons 

, tho end irises oould bo loaded with a dioloctrlc to increase coupling. 

, tho waveguide holght could bo roducod to about .127 cm (.050 inches), 
which could change impedance and coupling to a correct value. 

. The coupling iris could be made up of three slots , each cf which could 
be longer than the circular iris diameter, and dual slots could be used 
in the z direction to achieve additional coupling. 

For this pror im, time and resources were limited, and the dielectric load- 
ing appeared to be suitable. This was finally accomplished with a .254 cm (.100 
inch) thick disk of boron nitride in each of the end irises. Tests were conducted 
and good results achieved; these are described in Section 5.4.5. However, a 
problem appeared when high power operation was attempted. 

This problem involved heating of the boron nitride dielectric ad a conse- 
quence of a radial or circumferential resonance mode. The small air gap between 
the dielectric disk and the Iris is Just about one wavelength in circumference and 
is effectively two wavelengths in the dielectric. Without the dielectric, this 
resonance should not be significant except to heat the iris somewhat, an expected 
problem but of no detriment with a good silver plating on the iris edge. 

The heating of the iris was such that the optical diode would trip off when 
the input power reached about 300 watts. The iris could be observed through the 
bushing in the rectangular waveguide which had a .16 cm (.063 inch) diameter hole 
for outgaseing venting, and a definite ted glow was seen to start at about the 

200 watt level. 

The recommendation therefore is to ufie a combination of the other two 
techniques. Three slots would be cut into the waveguide instead of the single 
circular iris for each end of the filter section. The requirement is only that 
the H,. and H z components in the cylindrical filters be equal. The initial effort 
would be to determine the sizes required for the x-slot and z-slot(s) to provide 
sufficient coupling in each of the dimensions. With the independent slotting, 
the cylindrical cavities may be centered, which could ease the mechanical problem 
in construction and cooling. Practically, it is necessary to keep the coupling 
aperture smaller than the cavity internal dimensions. This ma> turn out to be a 
problem also, so a preferred approach is to design slots for more coupling than 
with the 1.219 cm (.480 inch) diameter circular iris, but smaller than the 
equivalent 1.726 cm (.680 inch) diameter required. Then the waveguide height 
about the iris could be reduced using the technique set forth for the special 
breakdown test section of waveguide, Section 5.7. 
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The waveguide height with no change In the P^nt itl(\ (in . 

require a height of about .127 cro (.030 Inches), Which is a Junction of (Hold/ 

R .,) 6 . The old radius la 1.219 cm (0.480 Inches) and the required la 1.719 
(W) , the value from Appendix IHB with some correction fa * f fl ^t 

from Appendix IIIC. The Impedance matching of a 1.219 ®" < iwaf?uo5 a waveguide 
wnveRuldo would be quite difficult, ao a recommended approach la to uoo a wavoguiee 

height of .508 cm (.200 Inches) which would require nn th^throo-aiot 
1.422 erne (.560 Inches). Thla should be easily accomplished with ?5° fabrication 
arrangement. 8uch an arrangement may be as Indicated In F g . » 

and testing In brass will givo the exact dlmonolons required. 


Input; 


,T 


3 -Slot Pattern 




> Low Height 
A/2 Section 


S/4 !/ I I 

[-Hatching ^ 

Filter 



Figure 5.19. Iris jesign Approaches Required 


5.4.5 Testing 

The diplexer was tested In terms of bandpass, 
skirt slope for inputs to both of the input terminals of shovm 

srsSjar ssrzsrz itsrs tsssrzaesxz * 

-30 dB pelnt of about those desired: 


75 MHz from -3 dB point 
90 MHz from -.4 dB point 


Upper Skirt 
85 MHz 
99 MHz 


Lower Skirt 
61 MHz 
73 MHz 


Nn af.pmnt was made to Improve these. As can be noted, '.he tests should be per 
for^7uhTl« 8 :“.ir:ign.lt ta n available 

S rSSHf&r- 

loss and would tend to reduce the Q's of the end cavities. 

Additional test results with signal in the bandpass J®8jon «re Indicated In 
* 20 throueh 5,22. These indicate the signal levels in the three p 
E?7!£5 taT* I iL three In order ere the terminated pert, trane- 
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Figure 3.20. Output 
to Port 2 from Port i 
(Terminated) 


1,1 
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Figure 5.21. Output 
to Port 3 from Port l 
(Transmitter #2 Input) 
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Figure 5.22. Output 
to Port 4 from Port l 
(to Antenna) 
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Diplexer Operation 


mlttor n port, and tha output port. These demonstrate that In tho oontor^f tha 
band, excellent performance ia obtained. Figure 5.23 tb d 

signal to the Input port, leading to VSWR calculation of 1.12 ai t 0 .36 GHz < and 
varying between 1.06 and 1.2. Inaertlon loss waa determined to be ® b J“* 0 !? ’ 

subtracting the losses or reflections noted at the flfat three ports from the 
loss shown 8 at the fourth port. Reflection to port 3 would appear to result In a 
VSWR of about 1.04 at center frequency which la more than ultimately desirable 
but is not considered a critical factor. 


A check was also made on the performance of the dip lexer for a transmitter 
signal into Port 3, the second Input port. In this case, the tranam er 
freduencv is outside the bandpass of the filter, and performance is determined 
onKL.la Tom result. /there Is no essential difference between ftequencies 

above and below the pas.band. The .tray s1 ^ 1 ' 5 24 
first transmitter input port, free, the port 3 signal l» fS™ " ^un.l Plof 
This Is about -30 dB at center frequency, equivalent to a VSWR In Channel « 
about 1.066. This is higher than the specification, but not 8erio “! 1 y BO ' * d 
further design effort to change the end irises of the diplexer would be expected 
to^prove on this somewhat. The upper frequency limit VSWR appt caches 1.29^ 

which is quite large, and would be reduced by ^J sl8n . b t only Jhrough 

here is very low since the signal does not go through the filter, but . aMy °ugn 
the sectionof waveguide. The losses in the channel are largely those of the 
extraneous*^ ignals coupling to ports 1 and 2 and tha reflection within the channel. 


For testing in the asserrhled wavegulde subsyatem, ^ ^ 

center of the bandpass spectrum. This still led^to th h ^‘Jtngwflie the other 
air, the two end irises exceeded 3 J3°K (100°C) witn water cooxing center 

components were operating in the vicinity of 323°K (50°C)._ “^lt?ie thermel 
of the diplexer should have the highest temperature. There was xxeexe . 

largely «d“ S^^so^ty “Ive" In't^ -cum, the heeting wee 
input . 


The test equipment used in the component testing is shown ln Figu re 5. 28. 
This setup permitted simultaneous readings at all four ports. In the assembled 
waveg’tde subsystem, similar measurements were made, as considered in the discuss- 
ion of bench testing, Section 6.2. 


An additional test was performed on performance of the diplexer as a 
harmonic filter. The test was performed with a TEio second h® ™° n ? 8 . p lgure 

attenuation exceeded 60 dB, the limit of the m^sure^nt syst^ as shown in Fig 
e 2 ft with the aonronriate 16.7 GHz equipment utilized. Thus the diplexer can oe 
5 U ; J tSelX»n harmonic filter where the diplexer is required in the 

selected system configuration. 


5.4.6 Thermal Control and M ounting 


The major thermal /mechanical problem in the program is a cons equence of the 
rf losses in the diplexer which are expected to be as large as all the ° tb ®‘ 
components combined, and which will be generated in a small concentrated space. 


-.4 :mi 
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Figure 5.26. Output 
to Port 4 from Port 3 
(to Antenna) 



Figure 5.27. Reflected 
Power at Port 3 - VSWR 
at Center ** 1.066 


Diplexer Operation 



Equipment Arrangement for Diplexer Testing 






Previous 3-cavity diplexers showed losses up to 0,5 dB (ref, 11) although 0.2 dB 
at 8 1 * GHz and 0,3 dB at 12 GHz would be likely with carefully fabricated and 
adju., id units. The loss in the dipiexer la assumed to bo in the general 
of 70 to 100 watts. A best radiator surfaco then would require over 1161 cm (U.U 
square inches) of area to reject this amount of heat to the space sink at 373°K 
(100°C). The larger problem is to conduct this heat from the dipiexer itself to 
the radiating plate used also to support the waveguide assembly. The effects of 
this heat source on overall thermal operation is in Section 5.5} here the concern 
will bo on the construction of the dipiexer and developing an efficient heat transfer 

technique. 

Dipiexer: The dipiexer is of invar, which has a very low thermal conductivity, 

around OVl lSTjou le / s ec / cm 2 /°K/cm (80 BTU/hr/ft 2 /°F/in) coopered to a constant of 
2.16 (1500) for aluminum and 4.176 (2900) for silver. Thus the iris disks and the 
barrels of the dipiexer are marginal heat conductors, and as much surface must be 
contacted as possible by the high conductance material of the mounting to carry 
the heat to the radiating plate. 

Silver or copper cladding is recommended for all parts of future diplexers 
to improve the thermal properties. A calculation of heating of the inner iris is 
enlightening on the poor conduction effect in invar by itself. The iris has inner 
and outer diameters of 0.881 and 3.326 ems (0.347 and 1.310 Inches), respective y, 
and a thickness of .076 cm (.030 in 2 ). An estimate of the rf loss in the center 
iris is 1/5 the total dipiexer loss, or about 20 watts. As a rough approximation, 
the cross section is assumed to have an average diameter of 1.700 cm (.670 inches), 
or an average cross section of 1.600 cm 2 (.063 in ). These conditions result in a 
temperature drop of about 300°K between inner and outer edges of the iris. This 
assumes one-half the power is lost on the inner third of the plate diameter. The 
calculation may be refined to include how the current distribution tends to heat the 
iris, radiation losses which will contribute, and other factors, but such would not 
likely change the result by a significant amount. Adding the 300°K to a barrel 
temperature of the filter cylinders of at least 373°K (100°C) gives an iris temper- 
ature of 673°K (400°C) . However, if more power is lost at the iris itself, the 
temperature will go up considerably} ail the loss at the iris edge, unrealistic 
but indicative, would give a temperature drop through the iris plate of 520 K} 
expected temperature is somewhere between this and 300°K. Temperature drop goes 
up directly with power loss, and would be worse if insertion loss increased. There 
is a definite advantage in cladding the iris with silver to reduce the iris tempera- 
ture . 


The temperature drop between inner iris and outer dipiexer barrel would be 
only 1/6 of the numbers noted above (50° to 87°K) if the iris were made up of .152 cm 
(.060 inch) invar with .0127 cm (.005 inches) of silver clad on each side. The 
thicker invar is desirable for mechanical purposes since silver tends to expand 
faster than invar by a factor of 25. The combination of lower temperature differ* 
ential and heavier invar results in less distortion than the .076 cm (.030 inch) 
invar presently used. The possible conditions of separation of silver cladding 
i rom the invar was not evaluated. 

Silver cladding is also recommended for the invar cylinders of the cavities. 
This is because the thermal clamps to transfer the heat to the radiating plate 
cannot cover the entire filter because of the 16 tuning screws, and also the 
multipactor probe cylinders. The dipiexer would then have a more uniform and 


91 


somewhat lower t hernial oxpanfilon. 

Thermal-Claim: A mechanical clamp In used to provide a tight mechanical 

connection, required for good thermal conductance, to the mounting block. A 
sketch of the clamp and mounting block are In Figure 5.2.. 


Clamp 


VI 

y-1? 


Gaskets 


Dlplexer 


Block 

lermal Plate 


Rectangular 

Waveguide 

’ \ 


Clamp 

Tunin' a . 4 L. 
Screws **r 
_2t. • 


Thermal Plate. 


Dlplexer 
FI l ter 


— v Mounting 
Block 


Figure 5.29. Dlplexer Mounting Block and Clamp 


For this program, this mounting was considered adequate at the scaled power 
For l 5 kW at ^ GHz, which is about 2 kW at 8.36 GHz for comparing on conduction 
™ffe« of h«t. Si. 1. more then .delete for moet other effect, considered If 
the heat le generated equally around the cylinder periphery, and good thermal 
Erans^r Is !chle,ed , A calculation of temperature at the top o the o amp 
shown It will be 46° K greater than at the mounting block. This Is a little 
higher than ultimately desired although It is not critical. The tie-down clamp 
may be of silver, soft copper, or heavier aluminum to reduce this temperature 

differential. 

The major difficulty with the dlplexer mounting is the large dif * e *®”*^* 
thermal expansion between the invar and the aluminum mounting plate; an .J 
Is unavoidable, and it must have some flexibility or fracture will r ® 8 “ lt *^ h 
in the aluminum clamp or in the invar itself. The technique employed for this 
program is adequate, and is adaptable to space. A silicone material was used 
(Choicer les 1224) even though It will outgas to some extent. The signtf loanee of 
this outeassing will depend on the presence of other gas sources and sensitive 
circuits 8 wblch 8 may be susceptible to arcing. The Chomerics material was baked 
, 423°K 

by the vacuum gauge attached to the waveguide during the tests. Measurements 
also indicated a relatively small outgassing would be observed, but weli below 
a dangerous level (Appendix II). The material was cut to completely surround the 
dlDlexer barrel with cutouts for the tuning screws and the cylinders holding the 
UWtor probJ The mstcrlal Is a sandwich arrangement of copper screen and 





amall stiver spheres imbedded In the silicone. The thermal conductivity at tha 
combination is about .0029 Joule/soc/cmZ/PK/cm (2 BTU/hr/ft'7°F/in) , which rooultn 
in about a 6°K drop through the material. The two sides of the material inter- 
facing with the filter and clamp, respectively, would have tcmporaturo drone 
estimated to be about 7°K at tho bottom of the cyllndor and about 17°K at tho top 
whore more material hod been cut owoy to accommodate the multipnctor probe cylinders. 

An alternate concept, evolving late in the current program, uses an aluminum 
bellows type of gasket which would bo brazed in place rather than operating under 
mechanical clamping. This would eliminate both the silicone and tho contact 
interfaces. A suggestion on implementing such an approach is sketched in Figure 

5.30. 


EB Veld 



■Braze 


-^yCiaop 

/ .0635 cm 
yf.025") 


Figure 5.30. Compressible Thermal Aluminum Gasket 


The corrugated bellows would be electron- beam welded to the Invar cylindrical 
filter (or to the sliver if cladding is used on the outside) state these are 
dissimilar metals. The resulting assembly would be placed on the mounting block 
and clamped. The block 18 bolted to the thermal plate and then brazed to obtain 
a good thermal path. Also, the bellows peaks can be brazed to the clamp at the 
same time. This approach will require additional thermal engineering to insure 
no fractures between the brazing temperature and 193°K (-80°C), but this does not 
appear to be a problem with the configuration used. The effect is to eliminate all 
contact interfaces and provide optimal heat transfer from the dip.lexer. The 
corrugated bellows typically might be of .013 to .018 cm (.005 to .007 inch) 
aluminum formed with a peak to peak spacing of .127 ems (.050 inches) and a height 
of .064 ems (.025 inches). 

However, a stress/strata analysis is required to determine an optimum design. 
The compression of a perfectly elastic gasket with the invar cylinder and the 
aluminum clamp enclosing it show that It would be required to change thickness 
from .064 cm (.025 inches) at 373°K (100°C) (assumed) to .0305 cm (.012 taches) at 
193°K (-180°C). The approach then must consider a moderately compressible gasket 
where the sine-waveform of Figure 5.30 is compressed such that the bulging tends 
toward a squarish pattern. The limit in how far the gasket can be compressed with- 
out exceeding the bending limit is to be determined. This will be a function of the 
thickness of the gasket material and of the specific allow used. 


The fltroflfl/stra In relations In the gaako t can ho integrated with the "treas/ 
ntrain relations and limits In the Invar cylinder and the aluminum clamp. Ideally, 
the denlgn will balance the stresses in three member o ne the burden will I he 
proportioned according to compressive and tenolle Hmltn. The Invar will b 
under compression from the gaekot/clomp, and has half the linear displacement tf 
aluminum. The gasket will be under compression for the moot part, while the 
clamp will be under tonelon from the ronlntance of the other two membnro. A 
computer program should be generated to arrive at an optimum balance. Circum- 
stances did not permit a detailed design. 

Mo unting Block : The mounting block was solid aluminum with openings to 

permit access to the tuning screws at the bottom part of the filter barrel. The 
thermal mounting plate is also required to have holes drilled tor this access. 

The upper part of the block is cylindrical with a diameter of 3.81 om (1.3 in). The 
filter cylinder has a diameter of 3.683 cm (1.450 inches). The .127 cm (0.05 
Inch) differential was taken up by compression of a .076 cm (.030 inch) thick gasket 
to .064 cm (.025 inches) on each side. The block was bolted to the thermal plate 
for the 8.36 GHz test component, but should be brazed in a flight configuration, 
particularly at 12 GHz where the thermal flux density is much higher. 


5.4.7 Termination 

The unused port of the diplexer, designated as #2 port, was terminated with 
a SiC load that could absorb the power that might bypass the diplexer and also 
have a low VSWR such that reflected power was negligible. Note tha ^ ^ efleC J,® d 
power shows up directly at port #3 which connects the second transmitter. Thus 
to keep the second channel VSWR low, the termination must be well matched. The 
component developed is in Figure 5.31. Basically, it Is * seven inch 
spear of SIC affixed to the end piece of the waveguide with two bolts. Four 
venting holes in the waveguide wall lead into an inverted channel type vent. The 
component is bolted to the thermal plate after facing has insured a firm physical 
contact. The termination could absorb as much as 38 watts at center frequency 
with a 3 kW input, but substantially more would be absorbed near the bandpass 
extremes. With the diplexer characteristics shown in Figure 5.20, the input tq 
the termination then would be much higher than permissible, emphasizing the nee 
for trimming the diplexer operation to eliminate the outer nips in the bandpa 
characteristic. No problems were encountered in the low power testing with the 
diplexer. The termination was not required for the testing with the diplexer 
out of the assembly. 



Figufe 5.31 Mplexer Termination 
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5,5 THERMAL CONTROL 


Tho thermal control took w no largely concerned with the radiating area, 
effeetivoneafl, nnd temperature of tho mounting plate, nnd che mounting technlquon 
for tho components. The cnlcwlntlonn were directed at the B.36 OH/, experimental 
suhny Atom with oxtenolonn to tho 12 Giles cone. Tho UrRor 2,64 OH* component :» 
make thla frequency region lean of a thermal problem nnd more of a alee problnn. 


3.5.1 Mounting, Plate 


3. 5. 1-1 Temperature 

The losses In the waveguide subsystem are listed in Table 5.3. The 8.36 Gllz 
volucs are about those measured except for a more optimum diploxor, t». . tho 12 GHz 
data arc prodicted based on engineering estimates for the harmonic fa tor and 
diplexer. An average temperature on the 2 ft x 3 ft plate cun bo obtained by as- 
suming all heat is radiated from a constant temperature mounting plate Into space 
at near 0°K, and to the satellite interior at 323<>K <50°C). For the 8.36 GHz case 
using an optimum surface aluminum plate: 


358 W - 0.8 (.610m x ,915m) (57 x 10* 9 ) <2T* - 109 x 108) 
a 0.8 (24" x 36") (36.8 x 10" 12 ) (2T^ - 109 x 10^) 
or 

T 0 a 334 o K (6loc) 


The external side of the plate radiateB at T° to near 0° of space, and the 
inside surface at T° radiates to the vehicle interior at 323°K (50 C) . This is 
the condition used in the estimating of the temperature contours on the plate. 


Table 5.3. 

Component 


Losses in Waveguide Components 
8.36 GHz 
3 kW 

Loss P 


12 GHz 
1.5 kW. 


Reverse Power Monitor & Elbow 
Harmonic Filter 
Forward Power Monitor & Elbow 
Diplexer 

Diplexer Termination 

Output Waveguide 

Power Lost 
RF Power Output 


l7o% 

Watts 

30 

% 

1.35% 

Watts 

20 

4.5% 

135 

9 % 

133 

0.3% 

10 

0.4 % 

5 

4.8% 

135 

10. 0 % 

134 

1.1% 

30 

1.5% 

18 

0.7% 

18 

0.9% 

11 


358 

2642 


i-l O 
CM f* 
CO 1-4 
H 
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A more reallfitic Indication of temperature aerosa the plate wan obtained by 
aanumlng line add pointheat aoureen, aa In Figure 3.32, and auctioning the plate 
into 39 aubaeetlons, moatly 10 cm (4 In) aquiree. 


Input, 



Output 


Flgur* 5.31. Thermit Sources On Mounting Tlate 


Each subsection is assumed to be at constant temperature, A computer program 
then determined temperature based on heat input at the edges and heat radiated at 
the computed temperature (dne sided radiation). The unradiated heat constitutes 
the Inputs to adjoining sections of the plate. The sectioning and resulting 
temperatures are shown in Figure 5.33. 

These temperatures represent a lower bound since, in practice, the 0.8 
emissivity constant is a little better than would be obtained consistently. 

Some typical values for the emissivity constant, 6 , are found in literature and 
values tend to vary in the different sources, but the average are about as follows: 
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3 30 » 4** r ~+ 339 

(57°)l (63°)W66 


327° I 33 
(54°)| (5 


3l w I 323 
5 8° i (50 


341° I 340° I 
(68°M (67°) 


(52°) 


Figure 5.33, 


Material 

Aluminum 

Copper 

Silver 

Nickel 

Stainless 


Temperature Distribution^stimate 
for Mounting Plate - K ( C) 


€ 

Pure Metal 


Oxide 


* For 7 x 10'* cm. (2.76 x 10** in) thickness 


Specific values will vary with temperature and surface preparation but these 
are sufficient for estimating ranges of temperatures. 

A near optimum plate would have an aluminum-oxide surface finish, more J 1 *®” 

7 microns (2.76 x 10“^ in) in thickness (anodized). For the 12 GHz case, J:®^ 1 ®^ 
will be quite important since the power dissipation is nearly as 8reat as forJ.36 
GHz but the effective plate size is about 2/3 as large. With a .406 x .610 meter 
(16 x 24 inch) mounting Pint., and un € of 0.75, the average temperature 1. 378 K 



















(105°0) . This is a high but tolerable level. The but^till 

diplexer for the assumed conditions would approach 413 K (140 C), high but ati 
not an unreasonable teroporaturo. Special care would be required to beep . 
photodiodes sufficiently cool. Alternately, a larger mounting plate would be 
desirable and should bo considered. 

The plate used in the 8.36 GHz program was a 3.635 cm < J-/^ *5}®]* - 33 

aluminum plate (a Jig plate for flatness) . The calculations leading to Figure 5.33 
were based on this Value. Temperatures on a 0.318 cm <1/8 inch) pl j];® " oul i* 
little higher near the components and a little lower at the extremities. The 
average power radiated is the same, so the temperature variations ' «°t *®** 

significant. If the satellite structure calls for less than 0.318 1 ’ 

the temperature distribution should be recomputed to ascertain feasibility of 
obtaining adequate temperature control. 


5. 5. 1-2 Water Cooling of Plate 

Assume that a water temperature rise of 20°K Is per mitted, an d the^cooUng ^ 
pipe is arranged appropriately on the thermal plate to correspond to the clours 
for radiation cooling. The data of Figure 5.33 was. used to roughly determine 
thermal contours of Figure 5.34 which are equivalent to those to be encountered 
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In space. Power consumption (12 GHz) Is 321 watts < joules /sec. ) . per table 5.3 
(18.25 BTU/mln). Then a water flow of 3800 cc (one gallon) per 15 minutes 
adequate. The flow rate would be twice this to hold the water temperature rise t 
10°K. The cooling problem then becomes one of using a small * 

a steady reliable flow rate of 15.2xl0 3 cc to 30.4xl0 3 cc (4 to 8 Gallons.) per 

hour. 

The cooling pipe used in the 8.36 GHz equipment and shown in Figure 5.35 is a 
0.635 cm (1/4 inch) copper tubing affixed to the underside of the mounting plate. 
Copper and aluminum is best joined by electron beam welding. The aluminum als 
can be silver plated, and soft solder used for a temporary setup or mockup. 
Conducting epoxy has also been used for mockups but tends to be brittle, ^tence 
be well cured before using in a vacuum. The latter was used here in the absence 
of any immediate mechanical requirements. 



Figure 5.35. Mounting Plate With Cooling Pipe 

The cooling pipe in Figure 5.35 was placed to cover the highest temperature 
region. A different pipe routing might better simulate the equivalent of a pace 
radiation by estimating water temperatures along the pipe ana relating this to 
sources and contours. There will be some restrictions on the cooling pipe location 
because some components, particularly the harmonic filter and ^oss^guide coupler, 
project through the plate. Access to disconnect flanges must also be maintained. 
Temperature control can be improved if a more consistent valve for 
water control were included as an external component to the testing system. 


5. 5. 1-3 Air Cooling 

Air cooling can also be effected quite easily and would only require an 
adjustable deflector to vary the air rate on the equipment. It is of no value in 
vacuum tests, so a water cooling capability is still required. & liquid nitrogen 
wall could be used if available.) For atmospheric cooling, values may be; 
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321 Joules /sec (18.25 BTU/min) 

AT • 5°K (9°P) 

Bate « 3nr/mln (105 cfm.) 

This can be accomplished with a 190 W (1/4 HP) fan motor If the back-pressure 
Is less than 3400 N/m 2 (one-inch Hg) (ref. 13). Practically, the pressure drop 
should be only a fraction of this, and a much smaller motor should suffice. A 
disconnec table tube can carry the cooling air against the radiating side of the 
plate. Control of temperature contours would be a problem In simulating space 
operation. 

5.5.2 Thermal Mounting of Components 


5. 3. 2-1 Temperature Effect 

Most of the components will be adequately cooled If Just clamped tightly to 
the thermal plate. The temperature drop across a clamped junction varies, but 
with milled flat surfaces and using one to two bolts per effective 6.45 
inch), the temperature differential Is about 0.56OK per watt per 6.45 cm (square 
Inch) ! Typical temperature drops for the several components are listed In Table 

5.4. 

Table 5.4 Temperature Control Effects for Clamped Components 


8 . 36 GHz 


12 GHz 


Power Monitor, etc., 0.51 (3.3) 1.84 l.w uv.o, — 

Reverse 

Harmonic Filter 0.93 (6.0) 3.36 1.83 (11.8) 6.7 

Power Monitor, 0.71 (4.6) 2.57 0.67 (4.3) 2.4 

Forward 

Dip lexer 4.29 (27.7) 15.5 8.53 (55.) 30.8 

Dlplexer Termination 0.81 (8.0) 4.5 1.47 (9.5) 5.3 

Waveguide, Other 0.45 (2.9) 1.62 0.54 (3.5) 1.96 


Obviously the dlplexer Is of greatest concern, particularly at 12GHz. The 
other components may be clamped with no concern over temperature differentials 
across the Junction. Some components, the harmonic filter In particular, will 
lose some heat by direct radiation as well as conduction to the thermal mounting 
plate because of Its large surface area. 

5. 5. 2-2 Dlplexer Mounting 

The 8.36 GHz experimental dlplexer had three mechanical contact Interfaces, 
which Indicated a likely operating temperature of 413 K (140 C). TMs c °uld be 
reduced if two of the Junctions were brazed resulting in about a 386°K (113 C) 




final dtploxar temperature. At 12 Gita, the tamperaturea »»»U he his^r . althou B h 
the shorter thermal paths will tompansato somewhat. For a : 1 “ J™ 

tho other two brazed, the temperature at 12 GHz is estimated to be ab 
C I5?7°n) based on one-half the transfer area of tho mounting block. 

The diplexor thermal design was eovered in Section 5.4.6 in nical"' 1 " 

block provided the thermal path to the mounting plate as well ^themcchanica 
support for the diplexcr. The diplexer is best brazed or eiectron-beam welded to 

a compressible member such as a pleated aluminum 8 ask< * which 8 m b ^f r ^ u ta is 
block which in turn is brazed to the mounting plate. The problem that results Is 
the differential thermal expansion between the invar and aluminum. p 

aluminum gasket, adequately designed, will perform this func *}°"; ^practical 
thermal problems should be reviewed on an overall basis, considering the practica 

aspects of fabrication. 

5.5.3 Thermal Distortion 

All parts of the waveguide assembly including mounting piate are aluminum, 
except for the invar diplexer. Consequently, there should be little mechanical 

stress as the temperature varies over a wide range if all t P 4530 K ^^o 0 C ) n from n i 93 ®K 
equally. The nominal range for the thermal plate is about 453 K (180 C), from 19 i 
(-80°C) during eclipse to perhaps 373°K (100°C) maximum during operation. The 
dimensions for the waveguide assembly and mounting plate for hot and cold conditions 

are shown in Figure 5.36. 

Ihe dimensional changes of 0.4* for the 180°K range would overstres. conven- 
t tonal aluminum if it were dimensionally constrained. The tensile force would be 
2815kg/cm^ (40,000 lbs. per In.*) which is about the limit for tempered aluminum 
and over four times the limit for soft aluminum. 

A waveguide assembly which has sufficient freedom requires that th ® co !T^ in8 
waveguide should be oriented to permit some lateral bending to replace the longi 

tudiLl contraction during the cold eclipse periods. P £f si ^; 5 h ® of the 
would go to 193°K (-80°C) , but the TOT end wo )ld not. The length width oi ™ 
assembly at the vaveguide terminals change by .241 and .264 cm (0.095 and u.l 
inches)! respectively; these contractions must not f r 
ents nor must it overstress any connecting components including the TWT window. A 
conventional displacement/stress calculation shows that connecting waveguide should 
have a free length equivalent to a cantilever of 5 to 10 inches in length, 
ing on the strength of the aluminum used and whether stress relief is at both en . 
The stress in a flexed piece of waveguide is 

= Me 


where 
M » 
c = 


newtons of force x length, 

distance to worst case point in cross section 
0.794 cm (.3125 in) for WR 112 
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,60960 m (24. in) at 373°K (tOO°c; 
,60716 tn (23.904) at 193°K (-80°C) 


S train 
Relief 
( Waveguide 


E=iS 


h . 66040 m (26. in) at 373“K (100"C 
,657758m (25.896) at 193°K (-80 C) 

Figure 5.36. Thermal Distortion of Mounting Plate 


:t\ 

- .. ' 


moment of Inertia .583 cm* (.014 in*) for bending in the 
narrow wall direction. 

2 

632.3 kg/ cm 2 (9000 psi) for soft aluminum, 1264 kg/ cm 
(18,000 pal) for average aluminum, 3161 kg/ cur (45,000 psi) 
for annealed aluminum. 


With this range of stress the 1*1 range is: 

P* l - M ■ 460 kg cm (400 lb in) minimum 

• 2300 kg cm (2000 lb in) maximum 


This is then used in the deflection equation for a cantilever: 





where E is the modulus of elasticity, equal to IQ 7 , this gives 
PI 3 • 74,200 

Then using the previous maximum and minimum values of PI, 


1 - 25.4 cm (lO") maximum 

1 - 10 cm (4. 5") minimum 

to 18 cm (7") free length may be used at on. or both end. of the aaaembly to provide 
a good margin • 

Alternately, some form of temperature control may be considered, such as 
thermostatically controlled louvers to cover the plate during cold periods and 
retard the outflow of stored heat. This approach would be considered °nlyafter 
. e.u ermfl i evaluation of the entire satellite shows problems would be encountered 
due to unequal strains in the waveguide assembly caused by some external component. 
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i •RAKDHWN SENSORS 
5,6,1 Ko gulremenfcn 

The basic requirement of the sensors ia to provide a means to ponlitvely 
detect nn electrical fault in the waveguide which may bo a multlpnctor breakdown 
or any of nevernl types of arcing, and provide a euitable signal which con turn off 
the rf before the breakdown can cause permanent damage to the transmitter tube or 
some critical component. The sensors should be sensitive to a small breakdown, or 
preferably to the start of a breakdown which would avalanche into a major operation 
fault. 


Three effects can appear from a breakdowns a Inrgp reflected signal appears 
which can be detected by the reverse power monitor, an arc with visible light 
output appears in some cases which can be detected with a photo diode, and an 
electron or ion cloud forms in some cases which can be detected by a Faraday Cup 
(a biased probe). The three approaches were evaluated first in a special breakdown 
test section, described in Section 5.7 which follows, and the results interpreted 
to determine how the sensors could be best integrated into the waveguide assembly. 

5.6.2 Optical Sensor 

The optical sensor is a photo diode, suitably biased, and with output to an 
amplifier/trigger circuit which can trip a gate in the rf drive circuit. The 
diode's physical integration into sections of waveguide can be seen in Figure 3.15, 
and in the sketch of Figure 5.37 which extracts the parts used. The diode support 
configuration must tolerate certain other system requirements, including no deteri- 
oration to the rf signal in the waveguide, low rf leakage paths, low outgassing, 
and rugged construction. 


Cap 


Washer 


f r.. * 


Cushion 



RFI 

Absorber 



Kioto 
' v . Diode 


a) 

■O 



Figure 5.37. Photodiode Assembly Parts 

(See Figure 3.15) 
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Tl* diode u« 0 d was an ^"XOOA photodlod;. £*»*« S * 

quarts? rod light guide affixed ^ ita wlndaw^^, fln npproprlnt( , arrangement 

placed on or inside the Inner wav* eg lQok bo(;h wayn ftXonR n ntralght waveguide, 

to nbnorvo tho regions required. , 0 p 3go between rho wrolRo Bide end rod 

the quarto rod has a wedge "^po with aeglee of J» bet« ^ ^ fn th „ 

an to? Any light present would then Ik ^““‘^ ujdo ta!ing shoulders to prevent 
diode. The rod was seated In a hole into tnt cc , ulpinont , n ,318 cm (.129") 

It from dropping Into the guide. In the 8. o " ^ ^ ohouldor to shown in 

rod was used with a .254 P j* sauaro hole which woo milled, using a .08 

Figure 5.37; the wedge point required a <T * sides o£ tho wodgo will have 

cm <1/32 tech) min lor the cor “ ‘^^^5 by the seating dimension;,, 
a full auppott. The length of the r inches) here, the depth of the 

the thickness ol tho waveguide wall,. 1 ( plt ld0 cup UBC d at the upper end o£ 

end ol the cylindrical holder, and the boron nltriao P £rom vlbmtlon8 

t^sfsi-s: ** 5:1 lmEth to 

diameter ratio. 

Looking into the diplexer with a photodiode, which is seen in Figure 3 .1, 
requires a flat face quartz rod since only one direction, coincidental with h 
rod and diode axis, is viewed. This rod is supported by a circular seat at the 
waveguide. This seat is .025 cm (.010 in.) and has a .254 cm (.100 in.) opening; 
thus the face of the rod is .025 cm (.010 in.) short of the waveguide inside wall. 

A third photodiode was placed in an elbow, shown in Figure 3.15. dtod ° 

also „L, atlatlace, even though the look angle was then 45» rather then the more 
optimum 38 °. This arrangement permitted the diode to see light 8 " u '“ 8 ^”'=‘ ne 
through either the harmonic filter or the rectangular waveguide of the diplexe , 
forward power monitor, and diplexer termination. 

The other elements of the assembly in Figure 5.37 include a section of r£ 
absorber material. This was a necessary item because 1 the quartz r° d used did n 
provide for 3rd and higher harmonic cutoff. The rf absorber would a Iso ins 
further reduction of any fundamental and second harmonic leakage . The small 

opening let the quart. rod ,“ U ' d . Uneh) V ab™ “ WGHz^u^ measurement 

absorber was to attenuate 100 dB per 2.54 cm Uncnj above iv u , mteriA i 

indicated about 1/3 of this was achieved for the .635 cm (.250 in.) diam. 
used This is still quite adequate, but an additional length may be desirable for 
1 utther^ reduc t Ion in tormenlc !e.ka^e from the diode hoUet preceding the harmonic 
filter. The rf absorber was manufactured by Lundy Electronics and Systems, and 
used a base of Epon 828 epoxy. An earlier attempt to include the rf absorber 
granules (not identified by Lundy) in Steatite for machinability and l an ino J8anic 
base was unsuccessful la that the materials tended to decompoee or combine dating 
curing of the Steatite and the absorbing properties became very poor, an attempt 

uower is involved, a different material might be desirable. The material was 
cleaned thoroughly and baked for about 24 hours just before final assembly. 
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Tho Additional items In the diode assembly in Figure 5.37 include a ai'i-con 
cushion fco provide a email amount of pressure to the diode, but this prnasurn must 
be light in order not to frnc.ure tho • diode giana. A metal washer and cap completed 
t|u> assembly. 

Tho diodo wac used with on amplifier circuit to provide a trip signal in the 
event that the diode output eurront exceeded a threshold . Tho circuit of FlRure 
5.38 uoob a type 3064/ 12C module (Burr-Brown) to drive a Schmitt trigger typo 525 
module (California Electronic Manufacturing Co., Inc.) which drove a final ono-ahot 
multivibrator using another 3064/12C modulo. The circuit hod boon developed 
previously and was adapted for thie program. Note hero that tho throe diode loads 



Relay 


Figure 5.38. Photodiode Amplifier Block Diagram 


are floating with none grounded, leading to the necessity for the boron nitride 
insulating cup for the diode as in Figure 5.37. For testing, the three photodiodes 
in the assembly were paralleled which reduced sensitivity only slightly since the 
diode's dark resistance, about 150K ohms, is high compared to the input resistor 
of 10K ohms and the resistance of a conducting diode, about 1000 ohms. 

5.6.3 Multlnactor Breakdown Sensor 

The multipacting phenomenon is a consequence of an electron cloud oscillating 
between the broadwalls of a waveguide in synchronism with the applied rf electric 
field. The field voltage is such that an electron, omitted from one wall of the 
waveguide, arrives at the other wall while being accelerated by the rf 
electric vector. This electron, on the average, dislodges more than one secondary 
electron. The electric field polarity then is reversing and the new secondary 
electrons are in a strong electric field which accelerates then back to the first 
wall. The secondary electron cloud continues to build up, travelling back and 
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forth In ■ynchrontnm with the eleettlc field direction. "“““^^tel 

dttlone under which thle type of action ocourai ngura 5.39 W‘«to» enjcrlncntci 
rnttana of breakdown voltages for given values of product of frequency ana eioccroao 
spacing. ZTilTil also significant in that the secondary ^«ctron emi fl eion 
varies; tungsten carbide will not sustain a multlpoetor action while most p eO 
metals, and many non-metals, will (ref# 4), 
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Figure 5.39. Conditions for Multipactor lreakdown 


The sensors for multipactor breakdown are simply biased P robes ® Up8 ^ 

set at about 15 volts and connected through a 100, 000 ohm resistor. e c 
will be of the order of a few microamperes under average conditions, so the voltage 
generated areof the order of tenths of a volt at best. This '*£*5% 

into the same amplifier as used by the photodiodes at a suitable point, Fig. 5.38. 

The orobes used were small bypass capacitors as noted in Section 3.3.6} the 
specif^ tJSe useS here were Erie 2425-001-X5U-101M, which tad a coaxial configu- 
ration and a value of 100 pfd. These were mounted at one end of a cylinder with a 
part drilled and tapped for the 8-32 thread of the capacitor. The ends of * be 
capacitors were cut to be flush with the inside of the waveguide surface, and they 
were carefully straightened since the probe end is of relatively soft metal and 
tend 8° to bend easilyf The probe is .127 cm (.050 in.) in diameter the open- 

ing for the probe was .178 cm (.070 in.). Figure 5.40 is a sketch showing the 
cross section of the probe and the holding cylinder. 
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Figure 5.40. Multlpactor Breakdown 
Probe and Holder Cross Sections 


The cylinder above the probe is for rf absorbing material, again that manu- 
factured by the Lundy company. The probe acts as a coaxial line, and is not cut 
off for any frequency. The probe's small size will couple relatively little of 
the rf power into the capacitor which tends to reduce the outflow by acting as a 
low impedance circuit. Transfer is estimated at less than -45 dB (ref. 3, page 
121), so abnut another 90 dB is desirable to insure no rf leakage. A 2.54 cm (one 
inch) piece of rf absorber was added, but later measured to have 36 dB attenuation 
per 2.54 cm (one inch). A longer piece, perhaps 5 or 7.5 cm (2 or 3 inches), is 
suggested for future assemblies. In spite of this apparent reduced attenuation, no 
rf was detectable in tests (Section 6.3.4) so the coupling into the probe must be 
much less than estimated. Perhaps also the rf absorber, in the configuration used, 
was more effective than 36 dB. 

This type of probe was evaluated in the special breakdown test section and 
found to be a very effective indicator of multipaction. In the final waveguide 
assembly, there were no components identified as having conditions close to a 
breakdown. The cavities of the diplexer have high electric fields, however, which 
might lead to a breakdown for larger "gaps," The diplexer was not cheeked at high 
power, but the possible effects at lower power in terms of rf leakage showed the 
technique was quite satisfactory. 

Multlpacting would be expected in the waffle-iron harmonic filter under some 
conditions, and the probes could be built into the filter to determine conditions 
under which a given design would break down •, these conditions would limit the 
utilization of such a filter although not eliminate it as a contender for certain 
applications. 
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5.6.4 VBWR Bcnaor 

The reverse power monitor described in detail in Section 5 . 3.1 is « 1 b< 3 n 
8 ood indicator of a breakdown. Any arcing of electron f 

waveguide represonti a lowered impedance path, and a significant signal la ms V 
reflected. It maybe much larger than the normal reflected signal, and con be used 

to generate o cutoff signal. The output tends to be a rapidly ^fnSt^the^ndl - 
whleh can give a reasonably good output voltage; in an initial GW toot, the 1 
cation wont off-scale with a maximum of 0,3 volto. Thlo signal lo tiod in 
with the trip signal ampllfior uood by tho photodiode and the muitlpaetor probe, 
with Bonaitlvity such that the normal rovorso power indication will not euuso a 

trip. 

5.6.5 Pressure Sensor 

Pressure sensors of tho vacuum ion gauge typo wore usod in tho wuvoguido (at 
the output 8 end) and in the vacuum tank during the testing of both tho spec la break- 
down section and the complete waveguide assembly. The waveguide ion * aB a 

good indicator of a breakdown since breakdowns release gas and can 

be detected. However, the gas buildup is relatively s!ow, and tho indicator is 
considered inadequate in response time to provide good protection for tho trun 
mitter tube. 
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5 . / 8PECIAL BREAKDOWN TEST SECTION 
5 / . I R^cjulrpmontn 

The Apo^ial toot ooeticm, designed specifically to break down at relatively 
nominal power involh, wan developed and tented to determine the performance capo- 
hi 1 Itlon of the breakdown nnnaorn Just dineussed Section 5.6. Both multlpactor 
breakdown and arcing are of Interest, and effective use of tho throe nonnoro; 
phot od led o, biased probe, and V8WR Indicator; wore to bo evaluated. The tent unit 
lubricated was In two parts, tho low-height waveguide section shown in Figure 3.17, 
and an optical sonsor as in Figure 3.15. Tho reverse power monitor associated with 
l lie test facility was used to detect a high reverse power level. 


5.7.2 Low Height Waveguide Section 

The data of Figure 5.39 was used to select a waveguide height that would 
result in a multlpactor breakdown with a power level of one kilowatt or less. 

The product of frequency (8360 MHa) , and spacing was selected to be near 170, 
making the spacing .018 cm (.007 in.) for a power level of 600 watts. Lower power 
w-’uld require a smaller spacing which would be more difficult to implement. The .018 
cm (.007 in.) high waveguide has an impedance of 6.05 ohms, which must be matched 
to the waveguide, 430 ohms for WR112. The large difference in impedances can be 
matched with a 51 ohms quarter wave line, or a two-step arrangment of quarter wave 
lines with the step impedances of 148 ohms and 17.5 ohms. These are based on using 
the relations (ref. 13): 

4 j—3 

Z 1 * \ Z o • Z 3 


Z • Z, 
o 3 


The corresponding step heights are directly proportional to impedances: 

Guide height - 1.260 cm (.497 inches) (standard waveguide) 

First region height * .437 cm (.172 in.), step is .826 cm (*^25 in.) high 
Second region height = .508 cm (.020 in.), step is 386 cm ( • 152 i®*) higri ^ 
Third region height * .018 cm (.007 in.) (selected) , step .033 cm (.013 in.)high 


The impedances are subject to some variation depending on the overall spectral 
response: the two step match will have a wider bandwidth an a single step which 
has a very sharp response (ref. 13 ). The response can be adjusted for a Butter- 
worth, Tchebycheff, or elliptical response. For this application a wide bandwidth 
was not critical but the two-step matching Butterworth was desirable. 

The quarter-wave lines also have to be foreshortened since the steps are 
-apacitive, and the shortened line provides a compensating inductive effect. The 
capacity can be determined from literature (ref. 14 ) which showB the equivalent 
capacitors to be approximately : 
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First step ■ .21 pfd 
Second step ■ .17 pfd 
Third step ■ .13 pfd 

The corresponding shortening of the quarter wave ! ec Jf on ® /Tlntete^t^ 
Interface can be determined from a Smith chart. In the cases of * n *°*® 8 * ’ t. 
shortenings were determined to be as follows, where a quarter wave line la 1-53 

° m 437 cmV 172 in.) section: shorten .117 cm (.046 In.) to 1.036 cm (.408 In.) 

*.051 cm (.020 in.) section: shorten .033 cm (.013 In.) to 1.120 cm (.441 In.) 

Sensors In the .007 Inch high waveguide section were b ^ 8e * P r ° b *® 

(Faraday cups) for multipactor detection; a separate waveguide with a photo 
diode as described In Section 5.6.2 was used for /^ect ingvls flight . A 

cross section view of the low-height section Is In Figure 5.41 which Indicate 

the steps and biased probes. 
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Capacitor Probe 
/ .018 .057 .437 cm 

/ (.007) (.02® (.172) (In) 


1 

1*262 




+ 15 ^ 


‘Solid 

Copper 

Block 


Figure 5.41. Cross Section of Low Height 
Waveguide Special Test Section 


The latter were Identical to the ones described In Section 5^6.1, 

material was not required here. The probes i78 cm (.070 In.) openings 

the .018 cm (.007 In.) surface and were ‘three at ^ each end of the 

as In Figure 5.40. Nine probes, three at the testing with each group of 

018 cm ( 007 In.) breakdown section, were used In the testing, wxcn » 

three°”led to f+lS volt supply through a 100,000 ohm resistor. 

Hie breakdown block was cut from solid copper 1.424 x 3*175 x ®* 12 ® cm 
« 1 25 x 3 02 inches) Corner, were left with a 1/32 Inch radlue where an end mill 
^id notYe used, ke block formed three .We. of the waveguide; the four h aide. 

™: r o:^aireke^:n1^k:k-lYT P :L b e°i::eU^ sU 8 ^ k y '.o the bolted top 
“uuYve alfrm Igalnet the narrow-w.il edge. ln.ide the guide to minimice 

loa.ee from the mechanical Junction. Brae, flange, were *° £5' j“° 

ends of the unit. Note that some of these techniques would not be acceptable 
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high reliability space equipment, but were tolerable In a test component which 
was to break down anyway. Zinc in the brass and tin In the soft solder both tend 
to "whisker" In a high vacuum and result lrt electrical arc breakdowns. Unfortun- 
ately, no such Interesting breakdowns were observed In the tests, but strict 
avoidance of such metals should be observed for flight models. 

The resulting breakdown section was shown In Figure 3.17. Note that the 
top was configured to fit inside the flanges so all discontinuities are at the 
flange. The top was bolted In place, and the flanges faced so the removable top 
would not cause a significant discontinuity at the flanges. The photodiode unit, 
essentially that of Figure 3.15, used a wedge tip quartz rod which was located on 
the top broadwall to view the .018 cn (.007 inch) section. 

Bench testing was performed to check the VSWR, which was 1.29, Indicating 
that if this were to be included In the system, some trimming would be desirable 
for a better match. The Insertion loss was 0.65 dB due to the high X R of the 
low height section. This is close to a calculated value. Asuume the loss per 
foot In standard size copper waveguide to he about .050 dB or .006 dB in the 
length equal to the low height section 2.306 cm (.908 in) plus an equivalent of 
1/3 of the length of the two adjacent matching steps ■ 3.053 cm (1.202 in), then 
the loss Is approximately 

.006 ( 1<2 ft3- ) - 0.43 dB 


A more rigorous comparison would determine the losses in each of the steps of the 
matching sections as well as a more exact roughness factor for the unsmoothed 
surfaces of the machined copper block. These would increase the estimated loss 
closer to the measured value. 

A water cooling pipe was added since the 0.65 dB is equivalent to 140 watts 
for a kilowatt input. This would heat the section excessively In a vacuum. But 
pulse operation was used with a 3% duty factor and no heating problem was present. 
Where CW tests were made the test durations were short. 


5.7.3 Installation 

The special breakdown test section and the optical sensor were installed in 
a vacuum chamber as in Figure 5.42. A waveguide window at the left provides the 
input for up to 5 kW. At the right, the signal is absorbed in a water cooled 
load external to the chamber. 

Instrumentation included leads from the three groups of multipactor sensors 
as noted previously, three leads from the photodiode Just to the left of the 
breakdown section, and temperature sensor. External instrumentation were two 
vacuum gauges, one each for the chamber and the waveguide end, the reverse power 
VSWR measurement at the input, and forward power at the waveguide output. No 
water cooling was required. 
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Figure 5.42. Special Breakdown Test Section in Vacuum Chamber 


Test data was obtained with an eight channel recorder on which was 
recorded: 

power output 
tank vacuum 
waveguide vacuum 
reverse power (VSWR) 
photodiode output 
photodiode trip 
multipactor probe (2) 

In addition, all thro, wultlpactor proba groups ware nonltorad visually with 
meters, and temperature was observed on a meter. 



5.7.4 Test Results 
5. 7.4-1 General Summary 

■r,s; xstsazts* s.-zsrzz 




and at the instant of breakdown, all sensors except the photodiode went off scale. 
Tho pressure gauge returned to a normal reading In about 30 seconds. This break- 
down provided a cleaning action but was too drastic to draw any suitable conclu- 
sions. Subsequently, all tests were made with a low duty cycle pulse transmission. 
Frequently a breakdown could be observed to start, but would not build up suffi- 
ciently during the 15 microsecond pulse to trigger the sensors, particularly after 
the earlier breakdowns had cleaned the surfaces. The test program included a total 
of 31 additional multlpactor breakdown and 17 arcing tests, some of which included 
more than one breakdown per test. (The use of pulse power has no significance In 
terms of breakdown conditions). 

Breakdown Power: ■ 900 watts for multlpacting a little above 
theoretical; 3000 watts used for arcing 
tests with no determination of the minimum 
(but estimated to be 260 watts) 

Multlpactor Breakdown Probes: strong indication for multi- 

pact ing; no response for arcing (at high 
pressure end of pressure range.) 

Generally reliable indication for gas arcs; 
four failures may have been due to arcs at 
the remote end of the breakdown test section 
where most of arc wasn't visible; variable 
somewhat for multlpacting. 

Generally good for both types of tests; CW 
tests suggest a small time lag exists but not 
critical as for the ion gauges. Should be 
used in conjunction with other sensor for 
redundancy. 

Usually gave a definite reading from a fault, 
but rise time was too slow to be useful. 

The biased probes, photodiodes, and reverse power sensor should all be included 
where appropriate such that a redundant protection situation exists. 

The multlpactor breakdown tests were peformed at a high vacuum, and the 
rf power was increased slowly until a breakdown was observed from the biased 
probes. The photodiode was usually used as the protective sensor for the test 
transmitter although an especially large reflected power level also would trip 
the transmitter's own VSWR threshold circuit. 

The arc! g tests were performed by approaching the arcover region from 
both the high pressure side and the low pressure side. From the high pressure 
side, the biased multlpactor probes gave no output, indicating that the arc 
occurred in some other part of the breakdown test section. (From Fig"re 3.17 
arcs are seen to have occurred near the sharp edges of the breakdown section, 
which is expected for low pressure arcing). The photodiodes worked well much 
of the time; the VSWR indication was not quite as good but still was valuable. 

The ion gauge provided a good indication also but with a slow response time. 


Photodiode 


VSWR: 


Ion Gauge: 
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Working from « high vacuum condition touard a I higher pteMuro, , the ga» arcing 

cond “‘a r ' 9 r zsxzn 

operated quite well on the combination. As th ° ^ 0 ““'° (J ''3° 1 j" C ^ 8 o V ldonce of 
breakdown tended toward the ion arc ^" 8 . , indicates Ion arcs tend to occur 

TrtT^z 1 : ttzrjz 


5 ,7, 4-2 finmmarv of Multipa ctor Breakdoyr^ test Data 
The recorded data 

The VSWR channel operated well £ °* * h ! J 1 ir ° a *SJ * er6 ’ 8lt i V e lor tests 27 to 
inoperative and corrected after test 26. Resuits w J * about 900 watt8 . 

29. The final tests established the breakdown lev level that would not 

The equipment was operated at the thresho orotective purposes here: 

trip the protective circuit. ^»^lswer u.ed *«r P'«« t e } V ^ ter £or 
the photo diode and the test facility VSWR circuit, ine cn«ui k 

the photo diode also was found to rOU | he m b iaS ed probes for multipactor 

diode trip signal was generated quite reliably* ~ ftr >ai S tent They were not tied 
breakdown detection worked very well and ware mo at ■ '^““'^^"re of this 
in to the trip circuit In order to get a better Indication ot t v . rlabU , 

breakdown. With the pulse operation, these .- I control circuit If 

but always had a peak magnitude sufficient to trigger 

required* 

The diode trip was considered less desirable since it usually permitted 
a mu I tipacting ^situation to exist at ‘-^ t 

sufficient blip would occur to trigger the trip circuit. Tftevsw 
appeared to be good when the recorder channel operated properly. 

An examination of pressure in the waveguide showed it u8 ^^y^® rea 

with a substantial breakdown level, but the i rl “ elevated 

acceptable S^YTuiYtfearly a 

bv surface contamination boilotr , duc tne „ . Kfoakdown: 

relatively narrow power range between mul ^ pact ® btla e ? 33 att8 ^ firmly in the 
an 867 watt level was firmly without breakdown while 933 watts was rirmiy 

breakdown region. 


5, 7.4-3 Summary of Gas A rc Test Data 

The summary of the recorded data Is in Table 5.6. Five Mat. 

£ previous ZZTaZlllZ ^^^11 jjj. 

r^sTfri^^ 

multipactor breakdown at the pressures and powers used. Thus determining an 
arcing breakdown point is rather unreliable. 2 

The first five ‘5“^ ^“Tp-d" 93°N/m 5 -cm -g“m)) 

US i™n r v.l n of 3.3 iw (voi;2ge was HO volt, .cross the gap). Thi. 


fAftS 5,5, MWLTtJtGtCni BttAKBWH TUT BATA 


miwM 

HZa? ism 

PEAK 

jsm. 

FH0T0 

MOD* 

jasiL 

VflWR* 

f .3x10*5 
to far off 

scale 

(7x»0* 5 ) 
to far off 

•caia 

810 W 

Firm 

(no callbr.) 

(diode) 

off scale 
• over 10X 
normal 

ALL OWE* SWTS PULSED, 

9x10* * (6.8x10*3) 

730 W 

Off Real* 
<10 V) 

(diode) 

X3.5 


3 

A. 


3. 

6. 


CHECK FOR TRANSXBIT8 tN 8EN80RS - NONE NOTED ON CHART RECORD 


9x10-3 (6. 8x10*3) 2 ™ 

burst to burst to 
13x10*3 io*A 

9x10*3 (6*8xl0* 5 ) 

630 V 
' to 

j 1,25 kW 


Good 


s light 


(d lode) 


Chatter 
& Trip 
(diode) 


7. 

(14 trips) 


8. (6.8x10-5) 

(10 trips) | ' 

9. ' 

(5 trips) 

10« 

(4 trips) ! 


1*5 kW 
(9 trip*) 

1*23 kV 
(3 tripi) 

1*1 kW 
1*2 kW 
1*2 kW 


ADD /$ SOUlCS, THALXUM 204, 60 ^CURIES 


7x10-3 

(burst) 


(5*3x10-3) 

(burst) 


2*8 kV 
to 1*2 kV 

3*1 kW 


Channel 

Faulty 


0*5 V 


Chatter 
8 Trip 
(diode) 


no* 

trip 

Chatter - 
no trip 


13 * j 3*1 ktt 

|4. 8*7x10*3 (6.5x10*5) 1.6 kW 


None 

(Faulty) 


13 *. 


16* 

17* 

II* 

19* 

20 * 

21 * 

22 * 


1*6 to 
3*5 ktf 

3.3 kW 

Noisy 

3*9 kV 

3*9 kW 
to 3.3 kW 

3.5 kW • 


23. 

(orct 8 

■texts) 


1.4 kW 
to 1.9 kW 
to 2*4 ktt 


Chatter • 
trip 

Chatter - 
trip 

Chatter - 
trip 


Trip 

(Diode) 


Trip at 
and 


X2.5 

alight 

Inoperative 


JIl'JK ttfiL 

0,7 - 1.0 V 
(visual) 


Visual * no 
record 


OH scale 
at IV F.8, 


1 to 3 V 


0*4 to 3 V 
(strong) 


0.4 to 1*8 V 
(consistent) 

0*2 to 0.5 V 
0*1 V 


1 volt 
.65 V 
*4 V 
*85 V 

.2 to *4 V 

.5 V 
• 6 V 
*4 V 
*43 V 

.2 to *5 V 

.23 to 1 V 

*43 V 
to* 

to 0*4 V 
to 2*0 V 
(variable) 



TMOM 5*5 (Continued) 


24. 

29 . 

29 , 

27* 

28. 

29. 

30* 

31* 

32, 


TEST 

Jl 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 
43* 
44. 

43. 

46. 

47. 

48. 

49. 


8,7k 1Q"3 (6,$xlQ'») 


1*2 kW 

1 kW 

2 kW 
2 kW 
2 kW 
1 kW 
2*2 kW 


0.6 to 
l kW 


0*3 to 
1 kW 


Woi»y 


0,7 V 
0,3 V 
0.6 V 


0,2 to 
0,5 V 


0,1 to 
0*5 V 


4 V8WR ttOTBD -RELATIVE TO. HORMAL LEVEL OF AlOUt 1.3 


trip Inoperetive 


Chatter - 
Trip 

none 


(repair^) 

none 


•fell 

good 

•sell 


none 


1 V 
*33 V 
0,7 V 

2 V 
2.2 V 
1,4 V 
2,1 V 


0*2 to 
0.6 V 

(none below 
830 W) 

0.3 to 0.4 
above 900 W 
(only) 


TABLE 5.6. GAS ARC TESTS 


PRESSURE PEAK 

N An* (TORg) _£0WER_ 


PHOTO 

DIODE 




2.67xl0 4 to 

(2U0 to 

3.3 kW 

0.4 V 

1.02xl0 4 

77) 




l,2xt0 4 

(90) 



0.2 V 

1.46xl0 4 

(110) 



none 

to 5.3xl0 3 

(to 40) 



none 

to 5«6xl0 3 

W 

-«• 

o 



0.2 V 

133 

(1) 



none 

47 

(.35) 



none 

13*3 

(0.1) 



0.5 V 

1.6 

(.012) 

2.3 kW 

1,4 V 

| 

1 

3 kW 

low 


Xmtr 

VSWK 

(Diode) 

no trip 


(Diode) 
no trip 


6,0 to 
30 


30 


0.7 V 


(0,043 to 
0.370) 


low to 1.0 V 
- orratlo 


(.370) l.a kW Cf 0.2 V 

to 2.2 kW CM 0.2 V 

2.5 kW CW 0.2 V 

1.7 4* CW 0.3 V 

1.5 kW CW 0.2 V 

* VtWR r.Utlv. to ww»l Rooor with VSWR • 


(Diode) 


fennel 

1.3 


44 Fault in instrumentation 


J2HSJL 


X2.5 

(blip) 

X. 2 
X2.4 
X2.4 
X2.4 
X2.5 

XI. 5 
alight 
X2.5 
X2.4 


MULTIPACT 

sens or 


None 


Slight 
to .2 V 
.2 to .3 V 
.9 V 


0.8 V 

0.1 to 2.5 V 
arret ic 


*33 V 
to *8 V 
to 1.5 V 

0.3 f 
0.4 V 


U8 


point can bo used to determine the upper part of the arc ^;J do ^ c ” w * 
very low height waveguide with height to width " .006. At the low end, the 
curve Is not well defined since the arcing occurred at other points than In 
uttc low height section. Figure 5.43 showa the upper region of the arcing 
curve for the low height section (b/e • 160) • 



* Pressure x Height 
Figure 5.43. Paschen's Data for Low Height Waveguide 

(DC Date) 


The V8WR proved to be a reliable sensor here, and gave a strong 
Indication In all but two cases. The photodiode was also quite reliable, 
particularly for the lower pressure operation. The results indicate the desira- 
bility of including both types of sensors. The biased probes, for detection of 
multlpactor breakdown, were Ineffective for detecting gas arcs at high pressures, 
and only operate when the breakdown is at the probe. 


5. 7.4-4 Magnetic Field Effects 

A magnetic field of about 100 Gauss was applied next to the breakdown 
section. It was found that the field had no effect. When a breakdown was 



occurring, th, breakdown continued »<■ «» ™“tc°neid wuVlw/ WwJn°nny 
JU« b»l« *5? breakdown both varied over rangoo op to a 

breakdown. The magnetic field and p 

maximum (930 watts peak). 

5 . 7 . 4-5 Breakdown Prevention 

No effort waa Included .pacifically to 

breakdowns should they occur. Gas arcs ® a ? -bleated In Figure 5.43, or by 
power levels, probably under WO watts as arfi ® eflt elirolna ted by 

maintaining the high vacuum. Mult p critical frequency x spacing factor 

suitably dimensioning the components the ability to prevent multl- 

is avoided, per Figure 5.39. On another program, '^ability ^ p P rforated 

pacting was evaluated for ot ^ 6r ty P® d coat ed walls with low secondary 

broadwalls backed by a biased electrode, an . j Appendix I. Essentially, 

electron emission coefficients, These. V* ^shouid be considered were all else 
the perforated approach is quite fea * ^ to be very lossy and 

e,f,ctlve 

if more heavily perforated, and both surfaces 
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5.8 HIGH VOLTAGE DC BLOCKING FIANCE 


5.8.1 Rpqulromcmtn 

TWT'fl having a voltage-jump nnction to Improve efficiency require that one 
of the ottdfi of the device bo at a aubatantinl dc voltage, as high ns 10,000 volts. 

An investigation was performed on the parameters and design of a waveguide choke 
section which could withstand this dc voltage with an rf power level of 1500 watts., 
but which would have a negligible effect on VSWR and loss. This flnngo would 
normally be placed at the TWT output flange to minimise tho extent of the- oys tern 
having the very high voltage present. 

A number of factors must be considered for a practical dc blocking flanjc. 
Materials should be inorganic in nature for low outgassing and sublimation, ami 
should have a reasonable safety factor with long life continuous operation. RF 
leakage through the flange is required to be low enough so that the entire waveguide 
assembly meets the leakage specification of -111.75 dB. The harmonic leakage 
specification was implied by the overall assembly leakage specification. In 
addition, the rf loss in the flange will have to be distributed to a heat sink to 
control temperature. 

This task was carried to the conceptual design stage, but the problems 
identified led to the deferment of additional effort. The fabrication of such a 
flange would be quite complex to achieve the performance objectives, and operation 
appeared to be marginal. Harmonic leakage would be a very difficult problem in 
that the second harmonic would have to rely completely on absorption by a lossy 
material in the flange. Adding filters for the harmonics as well as the fundamental 
would result In an lmpractically large, complex, and costly flange. In addition, 
it would only be effective If all other rf leakage points in the system, including 
the TWT Input circuit, the voltage-jump interface, and the collector also were 
heavily shielded. Some practical factors are considered in Section 5.8.4. 

5.8.2 Flange Filter Design Analysis 

At the time of the design, a specification was applied which indicated that 
total rf leakage from the dc blocking flange should not exceed a level about 130 
dB below the rf level propagating through the waveguide. The basic configuration 
of the dc blocking flange structure is illustrated in Figure 5.44a. The 
illustrated structure is depicted schematically in Figure 5.44b, which is a "one- 
line" representation of the waveguide circuit. The waveguide wall, represented by 
the vertical line is cut to provide a gap with dc isolation between input and output 
terminals. This gap alone through the waveguide would introduce an intolerably high 
VSWR into the system, which can be reduced to an acceptable value over a narrow 
frequency range by adding an open-circuited radial line section at the cut. If the 
radial line is nominally a quarter-wavelength from the waveguide wall to the open- 
circuited perimeter of the line, the open-circuit at the perimeter is transformed 
to an electrical short circuit at the waveguide wall. This results in minimization 
of the disruption to rf current in the waveguide walls and a moderately low VSWR 
over a narrow bandwidth. However, it will not meet the requirements of this appli- 
cation since rf radiation is high at the radial line open end and the low-VSWR band- 
width is not likely to be acceptable with dielectric gaps (i.e. radial line spacings) 
large enough to safely withstand 10 kV. 
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RF 




b) Open Circuited 

Radial Line Section 




Open Circuit 
or 

Lossy DC Insulated 
Line Termination 


c) Circuit Approach for Low-Loss 
Low-Leakage DC Blocking Flange 


A 


10 kV 

T 




T 


Open Circuit or Lossy Line 


" 1 Termination DC Insulated 


”^| hi 4 

d) Selected Implementation of Above Approach 


Figure 5.44., Design Approach to DC Blocking Flange 
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RF requirements can be met with the use of a more sophisticated bond stop 
filter than the radial Una section. This approach la Indicated In Figure 5. Ate, 

A satisfactory hand stop filter structure, of course, must Include dc isolation 
across the gap, The filter section could be designed for an open circuit termln- 
, atlon, In which case it must provide the total required Isolation to rf leakage 
(130 dh), or It could be designed for lower Isolation (say 30 dB) and terminated 
with a dc Isolated, lossy transmission Unn section to provide the balance (100 dll) 
of required Isolation. 

Consideration of possible band stop filter rf structures which would provide 
the nocossary de isolation across the waveguide gap and which would lend thomnolveo 
to being applied around the circumference of the waveguide led to tho selection of 
the approach Illustrated in Figure 5. ted. This band stop structure consists of a 
sorics of one "quarter -wave length short-circuited resonators connected in sorleo 
with one conductor of a transmission lino connected across tho gap In tho wuvoguldc. 
Those resonators are each epacod one -quarter-wave length apart along this trans- 
mission line. The filter can be designed to operate open-circuitcd or with a lossy 
line termination as mentioned above. Matching sections, such as the ^/4 section 
between the waveguide and first stub in Figure 5. ted, may be required for impedance 
•*j matching purposes and to permit muximum flexibility in dimensioning the band stop 

filter components. 

Before designing the filter structure, it is necessary to consider the proto- 
type design. The general band stop filter selectivity characteristics are shown in 
Figure 5.45. For a required minimum attentuatlon in theW]^ toW 2A stop bund, a 
given prototype will have a certain lower pass band extending from dc to a pass band 
upper frequency and a ’'minor-image" upper pass band beginning at . 



* 1 * 

Figure 5.45. Bend -Stop Fitter 

Rejection Characteristics 
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TnslRht into the filter requirement cun be obtained by evaluating 
filter p^?oUei for a variety of conditions. The reeulte for representative 
esses of mult l -resonator flltera are tabulated In Table 


The canoe of 


TABhK 3.7 

A Comparison of fltop-Band to Pass-Band Rat loe for a Number 
of Prototype PC Blocking flange Bandotop k liter Peolgnn 


Tehohvchev - Prototype. 


3,0 dB Ripple - Lose icon -i.cmortt eooc 


Number of 
Rob ona tore 


XI 

for 130 dB 
Isolation 


Sl 

for 30 dB 
Iaolntion 


3 

5 

7 


33 2.15 

9 1.38 

4 1.18 


Butterworth Prototype 

Jl 


Number of for 130 dB 


ReBonatora 


Isolation 


for 30 dB 
Isolation 


2 

3 

5 

7 

9 



6.3 

40 

3.2 

20 

2.0 

7.0 

1.65 

4.7 

1.47 


where /V “ 


IA 

Wl 


attentuation A ■ 130 dB represent the open circuit terminated filter. Actually 
this termination is a non-infinite impedance since the radiation resistance at the 
"open-circuit" at the end of the filter may be a fairly good impedance match. Thus, 
both open circuit and terminated cases were considered. Here, all of the required 
rf leakage suppression is supplied by the filter alone and the end leakage should 
be at least -130 dB. A second series of cases was determined for 30 dB attenuation, 
which requires a lossy- line termination of 100 dB insertion loss. The stop-band 
to pass-band frequency factor -fl, defined by; 




<*>1A 

uh 
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LarRo values of SI are indicotivp of severe filter pnromotor requirements 
where dif f iculfc-fca-rpnlizp resonator and transmission Une values nro required. 

Thia will be seen Inter for computed canoe. 

The elomont dimensions for the band-stop filter were determined (ref. u,) Cor 
a throe-re senator filter circuit, shown with oxprooslon for element values In 
Figure 5.46, Terminating admittances Y A and Yg and the transmission lines 


y aL. 
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•< 

to 



1 "! . 
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f< " A/4 




A/4 


V A » 1/793 mho 


Y- - t + ■ i - — ) 

3 A g 3 84 
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80 g l 


Y A 8 0 

TV g2 


-A." cot < ¥• -rr) 


2 00, 


Y t2 " Y A < 1 + Ag 0 8 l ) 

Y 23 Y A ^ < 1 + A*J * 4 > 

BW 


Figure 5.46. Expressions For Element Values for a Three 

Resonator Band -Stop Filter 


admittances Yio and were selected to be equal to the source impedance at the 
waveguide gap. At this point, the characteristic impedances of the two waveguides 
are in series and equal to a total of 792 ohms. The normalized low pass filter 
prototype element values, g^, are obtained from published tables (ref. 17) and 
are listed in Table 5.7. Simple Fortran routines were written for one, two, and 
three resonator cases (see Appendix IV). Calculated results are given in Table 
5,8. Cases for more than three resonators were judged to be too unwieldy for 
practical fabrication and were not considered further. 
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TABLE 5.8 

Calculated Bandstop Filter Designs for DC Block Flange 


Transmission 


Case 

No. 

Number of 
Resonators 

(dB) 

Isolation 

(dB) 

Prototype 

Ripple* 

Resonator Z 0 
Termination _ 

(ohms) Z 1 Z 3 Z 2_ 

Line Z q 
Z 12 = z 23 

1 

1 

30 

m 

792 

30,785 

- 

m 

2 

2 

30 

3 

792 

701 

601 

91 

3 

2 

30 

0* 

792 

661 

158 

132 

4 

2 

20 

3 


635 

1140 

157 

5 

3 

30 

o* 

792 

521 

207 

272 

6 

3 

130 

0 

792 

763 

15.2 

29.4 

7 

3 

130 

0 

oo 

(Zi » 736) 22.9 
(Z 3 = 7.9 

xlO 12 ) 

(Z 12 " 5 

z 23 * 2 


* Butterworth 


Impedance values calculated and listed in Table 5.8 were too high for 
practical application in most cases. It is desirable to use the aforementioned 
A/4 transformer between the waveguide gap and the first resonator to permit 
optimization of impedance levels in the bandpass filter choke section. As will be 
discussed later, it will be advantageous to build the choke assembly folded onto 
the surface of the waveguide rather than using the radial configuration shown in 
Figure 5.44a. For this configuration, transmission line impedances can be calcu- 
lated on a parallel plate model with little error using the relation: 

Z o 

where a is the dielectric thickness and b is the nominal perimeter of the trans- 
mission line or resonator section. For the purpose of this calculation, the 
material selected for a dielectric in the choke region is pyrolytic (chemical 
vapor deposited) boron nitride which has relative dielectric constant (£ r ) of 
about 3 to 5 depending on the process used. A nominal value of £ r «* 4 is used for 
illustration. Pyrolytic boron nitride has good insulating qualities; ideally a 
thin section of .0127 cm (.005 in) will withstand 10 kV. For the perimeter of 
WR75 waveguide, which is 6.371 cm (2.65 in), the characteristic impedance of the 
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lowest Impedance line could be transformed to 


Z_ - 


377 • 0.005 

2 • 2.45 


0.355 ohm for 


Case 7 of Table 5.8. The Impedances normalized to Z 23 for these three resonators, 
open circuited, 130 dB isolation case would then be 


Z 2 

Z 3 


12.8 ohms 
0.4 ohms 
4.9 x 10 14 


z 23 


0.99 ohms 
0.355 ohms 


and the V4 matching transformer would be 

792 


W 

||20. 34/0. 355 


104.6 ohms 


?vT££r ly 50 212 or 50 oh “' 

Thus, the expected ettenuetlon o£ 130 dB would not be achieved. 

Similar problem exist In the other 130 dB lsolatlon deslgn. . wlth value. 

2 s =r P %&i rdVdi;ir443^ ir 

SSSS.’SE Til gtve^element values a. 

follows: 


2.74 

2.35 


2 12 


0.355 


plus lossy dielectric termination is illustrated in Figure 5. . 

5.8.3 Blocking Flange Fabri cation Approach 

The method of fabricating the high voltage blocking flange was examined to 
determlm a”™ble size ..^rugged instruction The 

was a dish arrangement gOtf. quarter mve Hlter out^ ^ 

folded arrangement like In Figure 5.47 which would ke Ughter ^ore rugged, and 
be less susceptible to undesirable resonances in the filter structure. 
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Figure 5.47. Schematic of an Approach to Implementing 

a Two -Re a one tor Filter 


The folded filter would be fabricated by a aeries of depositions and 
machining of boron nitride and metal. This approach eliminates much of the concern 
for air pockets in the assembly which otherwise could result in possible outgassing 
and electric field distortion. The progression and final configuration are shown 
in Figure 5.48. The boron nitride insulation must be effective both in the air and 
in vacuum, so the path length inside the guide is required to insure no arcing from 
the 10,000 volts. The design must be checked carefully to minimize reflections as 
the reverse power monitor will not include this point in its measurement. The BN 
may be set into the waveguide surface somewhat, with a pathlength determined from 
Paschen’s Law, with dimensions to minimize reflections. Mechanical rigidity during 
this stage of the fabrication will have to be carefully observed. The deposition 
of the lossy dielectric has not been pursued, but the material would be the same 
as the Lundy rfi material used for attenuating rf in the optical and biased -probe 
sensors as considered in Section 5.6. This material has a high dc resistance but 
a further evaluation would be required. 

The resulting fabricated choke flange approach is similar to that of 
Figure 5.47 except more folding is used. The first sketch in Figure 5.48 shows 
the first application of boron nitride which covers both the inside and outside of. 
the waveguide. This is then machined to provide a notch for the quarter-wave lines 
that will be added. The third sketch shows metalizing; this provides line^ the 
previous figure. This metal is filled with boron nitride, and the surface planed 
with a notch again over the quarter-wave section. The next metalizing operation 
of the fifth sketch forms the side of stub 1, and covers some of the other parts c£ 
the boron nitride which must be removed. The third and final deposition of boron 
nitride in the sixth sketch provides the dielectric for the second stub of Figure 
5.47. The surface is planed with an appropriate notch above Stub 2 as required. 

The lossy dielectric can now be added, followed by the final metalizing of the 
last sketch in the figure. 
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1 . 



Deposit 
Boron Nitride 


2 . 



Machine Channel 


3. 


r. 






Deposit Motel 


4. 



Deposit 
Boron Nitride 


5. 




1 



Machine Channel 
and Deposit 
Natal 


6 . 



Machine Metal 
0ff: Add Boron 

Nitride 


7 . 



Machine Boron 
Nitride; Add 
fcaeAp Dielectric; 
Add Metal 


Figure 5.48. Fabrication Sequence for Two-Resonator Filter 


The final package has the quarter-wave matching transformer at the gap. The 
rf goes past Stub l, Which is the middle section of the three stacked quarter wave 
lines, then through line yi which is at the surface of the waveguide. Stub 2 is tha 
top of the throe stacked qua rter -waves . The wave then goes to the left through a 
matching section of boron nitride, os required, and into the lossy dielectric which 
has whatever length is required for 100 dB of attenuation. 


The most critical breakdown region is in Une l2 which may be from 0.13 to 
102 cm (.005 to .040 inches), depending on final design. Pyrolytic boron nitri 
will normally handle this voltage, but this region is the one of greatest concern 
in achieving a good final design. 


5,8.4 Practical Application Problems 

A general objective throughout this program was to hold rf leakage to a very 
low level. The design shown in the previous discussions can hold the fundamental 
leakage to a level of -130 dB. The harmonics will rely on the rf absorber which 
might be adequate. But the overall transmitter system is subject to rf leakage 
from the voltage-jump section of the TWT, the input circuitry, and the collector. 
The latter is of particular concern since it also is a new element considered for 
the overall transmitter system. 


The dc blocking flange may be placed in three different places: 


1. Input waveguide which would shift all biases and permit the output 
flange of the TWT to be at ground potential. This has a strong 
advantage in that the signal will be 30 dB to 40 dB below the output, 
and there will be much less concern over rf leakage. In addition, 
harmonics can -be removed more easily from the driver stage output. 


2. At the TWT output flange, which is the approach discussed in the 
previous sections. RF leakage is the greatest concern because of 
the large signal with moderately high harmonic content. 

3. After the harmonic filter, which would remove the concern for harmonic 
leakage and the design shown would be completely adequate. However, 
the large harmonic filter would have to be insulated for the 10,000 
volts, and thermal control would be more difficult. 

The possibility of leakage and its control from sources other than the blocking 
flange should be examined in considerable detail, and the trade-offs of developing 
this flange in the presence of possibly worse sources of rf leakage should be 
examined thoroughly. The three sources of particular concern are the voltage-jump 
region, the collector if the multi-ring depressed collector is used, and the antenna 
backlobes . Upon determining that the dc blocking flange is definitely required, the 
preceding design should be reviewed and a program directed toward developing a 
breadboard model to ascertain that all problems in design and fabrication have been 
identified, and all are adequately solved. 
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5.9 SCALING TO OTHER FREQUENCIES 

A basic requirement for performing experimental work at 8.36 GHz la that tho 
effects can be interpreted In terms of performance at 12 GHz and 2.64 GHz. itus 
was done by considering the phenomena of interest, and developing a function to 
relate each one in terms of frequency and waveguide dimensions. Tho specific 
factors are discussed briefly hero. Results were shown previously in Table 3.Z. 

Terminology used here is arbitrarily defined as follows, which corresponds 


ll 

to that 

of Table 3.2: 

V 

=>[ * : 


t ■ f-“* 

new 


or 

f j2 ■ 12 m 1.435 

8.36 


or 

f - 2.64 - 0.316 

2 * 64 8.36 


and 

(b/s)p .. 

Y < b/ *W 


The latter comes aDout Because uub ~ — * ; ; 

has a height to width ratio, b/a, different (by .886) from the ratio either WR75 

(12 GHz) ot WR340 (2.64 GHz). 

5.9.1 Ionization Breakdown 

Paschen's Law indicates that arcing due to ions is a function of voltage and 
electrode spacing. In the case of waveguide at a given pressure, the height is the 
spacing factor, and voltage is determined from the required power level and guide 
impedance. The power in a waveguide can be expressed as: 


P - 2L- 


k • b/a 


where k is a constant relating waveguide dimensions to wave impedance. To determine 
the power at one frequency that will simulate the ionization breakdown at another 
frequency, the voltage gradients in the guide should be the same: 


/ v \ m ( s _) 

y b /new \ b /ref. 


Using this in the above equation: 
P new (a»h) neW 


ref. 


(a.b) 


ref. 


,r 

h: 
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Ttofl value of f can bo expressed An terms of waveguide widths (assuming operation at 
n proportionate part of the band): 

« now 


Then 


new 


re£. 


- rt 


From the requirement for 1.5 kW at 12 GHz, the equivalent 8.36 GHz power is 2.74 
kW. This equation can be extended to the 2.64 GHz case, substituting values a 
that frequency for the 12 GHz ones. In this case, a 1.5 kW signal is simulated at 
8.36 GHz by a level of 133 watts, indicating a low problem likelihood at the lower 
frequency of interest. In all cases the 2.64 GHz simulations require power less 
than or equal to that for 12 GHz. 

5.9.2 Multloactor Breakdown 

This type of breakdown is concerned with the time for an electron to traverse 
the distance between the waveguide broadwalls relative to the frequency. For a 
comparison, the effects of the sine wave is assumed to be the same for both 
frequencies, so a static calculation Illustrates the result. T£e time to accelerate 
the distance b with a voltage V is derived from b “ h (accel.)t , or: 


t -[2 b/k.(V/b)] 


k 


where k is a constant relating acceleration to voltage gradient, V/b. condition 

for multipactor breakdown is that this time be a ha lf-cycle interval, or values 
of koet/f be used in determining voltage for the two sets of conditions* Carry! g 
this 2 analysis through and placing the voltage ratio in the power ratio equation, 
the conclusion is that the phenomenon is independent of frequency, and is on y 
altered by the Y factor: 


? 8.36 

? 12 


0.6955 


The same expression holds for relating 8.36 GHz and 2.64 GHz since the value of r 
is the same in both cases. Thus for a 1.5 kW signal, the sinwlation can be 
with a power level of 1.05 kW. However, from Figure 5.39, there is a considerable 
range in breakdown power (voltage) levels and in some cases, there is a change with 
spacing. The above gives a reasonable direction of power change, however. 


5,9.3 Fasehcm 1 * Minimum Breakdown 


The minimum breakdown voltage for a gaa arc: Is < constant, * * 

product of electrode spacing and gas pressure. If the eloctrode spacing Ranges, 
such as going from WR75 to WR112 waveguide, tho minimum breakdown v ° lt ®8® s.®ihuti m 
same except it will occur at a slightly different pressure. The only contributing 
£actor*where the minimum point 1. of inter..*!. that the Row. .Involv'd win vary 
with waveguide height, since the same voltage is necessary to effect *J® 8 ®J® 

minimum. Referring to the first equation of this section !"f ncH on ^ b /f which 
voltages must be equal, then the equivalent power is only a function of b/a which 

is found to be: 


P 8.36 i 

*IT" " r 

The resulting simulation power is then 1.7 kW for a 1.5 kW input at 12 GHz. 

5,9,4 PaBohen’s Pressure Minimum 

The pressure minimum varies with spacing, but the product of pressure and 
spacing should remain a constant. Denoting pressure by p. 

( P x b) 8 .36 - ( P x b ) 12 

from which 

P 8.36 “ ?12 * *7f 

This indicates the test pressure to operate at the minimum breakdown point Is about 


‘8.36 


12 


1.27 


relative to 12 GHz. There is no power involved in this expression, only pressure. 

5.9.5 I 2 R Loss Per Unit Length 

The power lost in a waveguide wall is directly dependent on current f low and 

on resistance which varies with waveguide dlmenelons a^ frequ^cy. Power lost l. 

proportional to power input, surface resistivity, and skin effect loss. Thus for 
a unit length (ref. 15): 

P i 2 r oC P ^» ° ' (1 +£) (f*eq.)^ 

b 

where the last term Is the skin effect. The retlo o £ I 2 R losses for two frequencies 
1st 


r new^ 


ret/ I 2 R 


r new 


b ref < l + a~> 


new 


p ref b new ^ + 


ref 


l 

" 3 " 
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2 

The <1 +.J.) terms ere nearly equal and ware cancelled. Then for equal I R losses: 
P 3/2 

Jin SSL - r f 

P ref 


Thus 


P 8,36 “ 2,29 wattfl 
to simulate 1,5 kW at 12 6Hz* 

5.9.6 I 2 R Loss Per Guide Wavelength 

The lengths of waveguide components ate frequently scaled to wavelength* so 
the losses at 8.36 GHz should Include this factor In many of the components that 
might be used. Scaling to wavelength merely reduces the above function by 1/f* 
assumed to be at proportionate points relative to cutoff* Then the simulation (new) 
power relates to reference power by: 

^nert/*ref " ^ ^ 

A 1.5 kW requirement at 12 GHz is simulated by slightly less than 1.6 kW at 8.36 
GHz. 


5.9.7 Thermal Conduction 

The change in thermal conduction as a function of frequency band Includes the 
effect of path length, power absorbed per unit area, and cross section area of the 
conductor. The objective is to find the power relations to give equivalent maximum 
temperatures: the power absorbed, all of which is conducted to the heat sink, was 
given in the relation in Section 5.9,5. 


The temperature between the hot spot and the sink is (ref. 4): 


AT 


l 2 Q 

2 K A t 


where L is the path length (a + b/2), Q is total power absorbed in a length z, k is 
the conductivity, A is surface area absorbing the heat and equals 2(a+b) • z , and t 
is metal thickness. The latter is assumed to vary in accord with the thickness of 
the waveguide walls; then is used as the- ratio of t ne y/t re f: 

T l2 ■ e 8 .36 /,: 12 ' • 064/ - 050 ' l - M 


^l.fA " *8.36^*2.64 


.064/. 080 - 0.8 
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Thft Q/z is power lost Cor a given Pin# Cram 3.9.3 Is 8 


L now 

p ro£ 


r t 


3/2 


I£ tho process Is to conduct all the hoot away regard loss of temperature, the 
function from Section S.9.5 applies sinco all I R losses ore IJJJ; what 

AT's, relating to input powors via Section 5.9.5, may be oquatod to determine what 

input powers will give the same AT' as 

& T new „ CQ/«) n ew * ^^ref t ro£ 

AT re f (Q/z)reV L re f z (a+b) new t neW 


(Q/z)ref L re f z (a+b) new t neW 

- 1 


The concern must be of trends rather than absolute value since this °*P* aaa *™J; a 
not as convenient as previous ones. For simulating at 8.36 GHz (ref.) operation. 


new 


ref 


+ a^ new 


<* + V 


- .957 f 


ref 


and 


l a j*.-k)new 
< a ^ref 


0.962 f 


This ratio is nearly f# Thus 


« ( A ) 


AV 


new 


( > 

1 Z 'ref 


f 

r 


From Section 5«9«5t 


(I 2 R> 


77& 


new 


< 4-> 4 neM 


(x^R ) re f f p re f rf 

and this equals T/f from above. 


Then 


*new 

p ref 


r r f 

This is for the same temperature drops in the two cases; for 1.5 kW at 12 GHz, 

P - 

8.36 


2.04 kW. 


5.9.8 Thermal Radiation 

Thermal radiation loads to a temperature determined by aroa and power, and 
depends on tho sink temperature. Tho basic radiation equation is: 

P - Q « k . (a + b) z ( T 4 - ) 

wboro k Includes tho omission coefficient. For tho somo radiating temperature of 
tho reference and simulation (now) frequencies, tho powor levels ares 

P now . ^ Y f 3/2j . f . y f s/2 

p rof 

which uses the expression from Section 5.9.5 for the heat, Q, Involved. Thlo 
function Indicates a relatively high power level Is roqulred for simulating thermal 
radiation from a waveguide: 


P 8.36 * 3 ‘ 27 kW 
for simulating 1.5 kW at 12 GHz. 



SECTION VI, TESTING 


6.1 TEST PUN 

A comprehensive tost plan waa prepared to define teats required and tent 
procedures . Included are* 

Dench Tests V8WR and tuning 
Insertion Loss 
Bandwidth 

Harmonic Performance 
Power Monitor Performance 

These tests were performed separately with and without the diplexcr. 
(Component test results were discussed for each component separately and won't 
be repeated). 

High Power Vacuum Chamber Test: Arcing 

Multlpaetlng 
Out gas sing 

Magnetic Field Effect 
Thermal Effects 

RF Leakage Test: Fundamental 

2nd Harmonic 

For each test, the requirements provided the basis for the type, con- 
ditions, and quality of measurement. All bench tests were performed with 
matched terminations. The elements of the test plan are integrated into the 
discussions of the tests which follow. 

6.2 BENCH TESTS 

6.2.1 VSWR and Tuning 

6.2. 1- 1 Requirements 

The assembly was required to have a VSWR of less than 1.05 at center 
frequency and 1.15 over a 10% bandwidth at 2.64 GHz or 4% at 12 GHz; these 
scale to about a 4.8% bandwidth, or 400 MHz at 8.36 GHz. With the diplexer, 
the VSWR is based largely on the diplexer *s effect, and should be less than 
1.8 which corresponds to a reflected power of 8.2%. 

6. 2. 1- 2 Measuring Method 

The test arrangement used for this test is shown in Figure 6.1. The 
equipment used were: HP8690B Sweep Generator 

HP423A Crystal Detector 
HP8734A PIN Modulator 
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Sliding 

Load 




P 1* 


~2S ! 


Figure 6.1. Test Arrangement - VSWR Bench Test 





2QdB Directional Coupler 
HP8742 or 3 Reflection Teat Unit 
8410 Network Analyser 
HP135 X-Y Plotter 
MRC H80 Load 

MRC H40 Transition APC7/WR112 
8411A Frequency Converter 

The VSWR accuracy Is expected to be +.02 without dlplexer and +.05 
with dlplexer. 

The measurement system was first checked without the waveguide 
assembly in place for calibration. An expanded Smith chart was used to 
adjust sliding terminations for best results over, the 10% band used for 
the test. 

6. 2. 1- 3 Tuning 

Obtaining a low VSWR required tuning to compensate for reflections 
from various points in the system. This task was minimized by tuning the 
individual components to minimize each one’s reflections. Matched termina- 
tions were used throughout the bench testing. 

The waveguide assembly required one additional capacitive iris at 
the elbow following the harmonic filter to achieve a low VSWR. The elbow 
had not been checked for a match previously. The tuning was performed with 
no dlplexer. The iris was made oversize and trimmed in two steps; the 
three check points permitted an accurate extrapolation to the best match 
condition and the final trimming resulted in a VSWR as close to ideal as 
possible. 

6. 2.1- 4 Results 

The results, as noted in Section 3.2.1, showed the VSWR to be less 
than 1.02 at center frequency and 1.03 + .02 over the bandwidth with no 
dlplexer. 


The dlplexer brought the VSWR up to about 1.15 at center frequency, 
but no additional tuning effort was performed because the mismatch is largely 
inherent in the dlplexer. The peak VSWR was 1.28 which could be improved 
by further work on the dlplexer. 

6.2.2 Insertion Loss and Bandpass 

6.2. 2-1 Requirements 

The insertion loss was required to be less than 0.5 dB without the 
dlplexer and 1.5 dB with the dlplexer. In addition, the performance of the 
two power monitors could be determined at the same time, and the isolation 
objective of 25 dB between transmitter input guides checked with the 
dlplexer in place. 
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The bandwidth characteristics measurement with the diplexer would 
confirm its performance relative to requirements as in Section 2.1.3 and 
Figure 2.2. 


6. 2. 2-2 Measuring Method 

The test circuit used for the loss and bandpass measurements is in 
Figure 6.2. The components are essentially the same as for the VSWR tests 
of Section 6.2.1 except an 8740 transmission test unit and two coax-to- 
wavegulde transitions are required An additional waveguide detector is 
also required for checking power monitor operation. 

Accuracy in measurement was expected to be + .1 dB per ^0 dB 
difference between reference and test channels, +0.2 dB for differences 
from 10 to 40 dB, and up to + .5 dB for 52 dB difference. 

A loss calibration for the measuring system was taken with three 
pieces of waveguide having lengths differing by 60°, and results averaged. 
The waveguide assembly was then placed in the circuit and loss measurements 
obtained. 

6. 2. 2-3 Results 

The basic results of the tests were indicated in Section 3. 2. 2-1. 


Summarizing: 

Insertion Loss, no diplexer 

• at center frequency: 0.3 dB 

• range over band : 0.3 + 0.2 dB * 

Insertion Loss, with diplexer 

• at center frequency: 1 dB 

• out of band: > 40 dB 

Isolation: 22 dB at center frequency 

Bandwidth at -3 dB points: 145 MHz (this is greater than required). 

Additional detailed tests on the power monitors were not warranted 
on the basis of previous tests. A check was performed which confirmed 
previous measurements} the forward coupler showed the small reduction 
in output due to the loss in the harmonic filter and other components 
preceding it. 
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Termination 








6.2.3 


Harmonic Performance 


6. 2. 3- 1 Requirements 

The second harmonic performance was measured for the TEiq an< * ^01 
modes at the time the rf leakage tests were being performed. The ha ™°** c8 
were to be attenuated at least 30 dB to keep total antenna emission below 
50 dB, assuming the TWT harmonic output is 20 dB below the fundamental. In 
addition, the harmonic VSWR was to be under 1.5. 

6. 2. 3- 2 Measuring Method 

The harmonic performance test was made in conjunction with the rf 
leakage tests; refer to Section 6.4 and figure 6.8 for the test circuit. 

The harmonic VSWR of the harmonic filter was 
tests (see Section 5.2), and the results were good enough that additional 

detailed tests weren’t warranted. 

6. 2. 3- 3 Results 

From the tests on the harmonic filter and diplexer, a very high 
second harmonic attenuation was expected. With a sensitivity of about -95 dB, 
no signal was observed from the waveguide assembly output. A signal would 
have been observed with the diplexer removed, but the harmonic filter com- 
ponent tests indicated the specification was significantly bettered , the 
worst case being 9 dB better than required. The VSWR had been) 

1.15 for the harmonic filter so the requirement of 1.5 appearedtobeeasily 
met. Only an added elbow and -30 dB coupler (at the fundamental frequency) 
would contribute some reflection but this would not be great. 

6.3 HIGH POWER VACUUM CHAMBER TESTS 

6.3.1 General Requirements 

The vaveguide assembly was to be placed in a vacuum chamber, and 
operated for 60 hours at a power level scaled from 1.5 kW at 12 GHz to ob- 
serve possible component or operational problems. Fault sensors were in- 
corporated into the assembly, following evaluations of the special break- 
down test section of Section 5.8. The scaled power was determined to be 2.04 
kW for the long range effects, largely thermal, and additional tests be 

performed to determine possible breakdowns at lower and higher power levels. 
In addition, the effect of a strong magnetic field was to be evaluated using 
a scaled field as noted in Figure 2.1. 
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6.3.2 


Teat Facility 


The two principal elements of the test facility were a vacuum chamber 
four foot in diameter by six foot long with a vacuum capability better than 
i 1 a v in’ 9 N/m 2 (10-7 Torr), and a 5 kW GW klystron at 8.36 GHss. The 
vkcl™ chamb^ i8 ( shown in Figure 6.3 which also shows the output waveguide 
elements used in testing, deluding the ion gauge, vacuum window, output 



Figure 6.3. Vacuum Test Chamber 


power measuring coupler, and 7 kW load. The tank ion gauge for 
pressure is on the top of the chamber. At the left side of the chamber are 
two windows (later one defaulted) with a reverse power monitor. A Plug 
arrangement carried 52 lines for instrumentation. Water lines are located 
the top of the chamber for any water cooling required. All three wavegui 
vacuum windows were water cooled. 
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The tent arrangement la shown In the diagram of Figure 6.4. Thin in- 
cuidon the kiyatron and its auxiliary equipment-, and also the inatrumontntion 
uood. Tho thermal measurements were recorded separately with a single channel 
recorder and a stepping switch to record nine points at two minute intervals. 
Locations and typical temperature record are shown in Figure 6.5. The multi- 
channel recorder covered the waveguide pressure, power output, photodiode 
output, photodiode trip, and VSWR. Tank pressure was recorded manually. 

In the initial tests, the waveguide pressure was much higher than 
anticipated. This was traced to a cracked window in the input channel. The 
transmitter was then shifted to the second window on the input side of the 
chamber, and the faulty window replaced with a cover. 

The vacuum gauges on the waveguide and on the chamber differed some- 
what, Indicating a possible small leak in the output waveguide window. For 
instance, turning on the cooling water for the window reduced the ambient 
reading in the waveguide ion gauge, suggesting that- possibly the contraction 
tended to reduce the leakage slightly. In addition, the pressure readings 
were made with the output waveguide open to the chamber and with nothing 
attached. In this case, the pressure differences tended to diverge as the 
pressure was reduced: 
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Thus in the tests, a higher reading of the waveguide ion gauge is expected than 
that shown by the tank gauge. With the waveguide attached, the cold ambient press- 
ure was 6.7x10-4 N/m 2 (5xl0“ 6 Torr) while the tank was 6.7x10-5 N/m 2 (0.5xl0“6 Torr) . 

6.3.3 Test Procedures and Results - Initial Tests 

A series of preliminary tests were performed with the equipment in 
the vacuum chamber. It was here that the diplexer iris heating was first en- 
countered. The tests prior to the 60 hour continuous run were used to remove 
initial outgassing and to determine the suitability of the instrumentation* 

One waveguide window was found to be cracked which caused a high reading of 
waveguide pressure, higher than reasonable and close to a potential arcing 
level. When the diplexer was removed, the third (faulty) window was no 
longer required in the test system. All tests used CW power. The tests and key 
results tvere as follows: 
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Figure 6.5. Thermal Measurement Points 
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TEST TYPE 


TEST RESULTS (GW POWER) 


1. 

Full System 

1. 

Automatic trip at 480 watts via 
photod lode . 


- Vacuum 

- High Power 

2. 

With 270 watts, thermal runaway after 
4 minutes from diplexer photodiode. 

2. 

Thermal Stability 

1. 

180 watts limit to keep photodiode 
below trip threshold 


- Vacuum 

2. 

Flashlight check on photodiode; 


- High Power 


operates well 

Thermal at Atmospheric 

1. 

Checked at 800 watts; end of diplexer 

Pressure 


at 381°K (108°C) while all other parts 




at 333°K (60°C) . 



2. 

No photodiode signal. 

i. 

Repeated thermal 
at Atmospheric 
Pressure 

1. 

To 1350 watts; diplexer to 343°K (170°C) 
at end, 350°K (77°C) center, 31i°K 
(38°C) at thermal plate over 2 hour 



period. 

2. 

Same in vacuum 

1. 

Added visual facility to observe diplex- 
er iris; strong red glow at 270 watts. 

Replaced Faulty waveguide 
window 



1. 

Recheck system in 
vacuum 

1. 

Waveguide pressure down to about 1.3 x 
10*4 N/m 2 (10* 6 Torr) with no power 


2. 

Visual glow at 270 W. 

2. 

Removed diplexer 
- Atmospheric 

1. 

Power to 4 kW; no problems 


Pressure 



3. 

Diplexer out 
• Vacuum 

1. 

• 3 

To 1600 watts, pressure to 1.067 x 10 
N/m 2 (8xl0* 6 Torr) over 70 minute build- 



2. 

up. A n 

Tank pressure up 20% to 1.3 x 10“^ N/nr 
(10“ 6 Torr). 



3. 

Rectifier failed; shutdown for replace- 
ment. 

Vacuum sustained from here 



to 

end of test program 


No cooling, pressure to 2 x 10" 2 N/m 2 

1. 

Power raised, vacuum 

1. 

operation. 

2. 

(1.5x10-4 xorr) with 1.8 kW. 

Add water cooling, pressure down to 1.33 
x 10" 2 N/m 2 (10-4 Torr) and power to 




2.7 kW. 

3. Short run at 4.0 kW, pressure near 0.8 x 
10" 2 N/m2 (6x10*5 Torr) with water cooling 





6. Power Run In Vacuum 


7. Power Run in Vacuum 


4. 


1 . 


2 . 


3. 


Applied hot water for 3 hourn. 338°K 
(33°G),no rf power. 


Initial profloure m 1.07x10"^ N/ro 2 (8x10"^ 
Torr) 

Raiood to 3.8 kW In 30 minutofl, proonure to 
26.7x10-3 N/m 2 (20x10- 5 Torr) after ono hour, 

light water cooling. 3 

Raised to 4.2 kW, pressure off to 1.33x10 
N/nr (10-5 Torr) after- total -run. of. 2.„ho.ura 
10 minuted* 


1. Raised to 4.2 kW in 5 minutes; pressure 
peak to 0.8x10" 2 N/rn 2 (6x10-5 Torr) after 
one hour. Run 100 minutes. 

2. Hot spot on thermal plate at 350°K (77 C) 
with 200 watts removed by cooling water. 
Estimate radiation cooling is 63 watts max. 


This completed the preliminary runs to effect outgassing and to confirm the 
instrumentation. The 60-hour run followed these tests; vacuum was sustained from 
day 5 until the end, in day 9. 

6.3.4 Sixty- Hour Test 

The sixty hour test may be best characterized as uneventful. There were 
no indications of a possible fault at any time. The cooling water and radiated 
heat reasonably matched the expected rf loss. The power was set at 3.75 kW for 
the 60 hours to provide an extra margin over the minimum requirements. 

The test was run from 0000 on Tuesday, 8 February to 1200 on the 
following Thursday. The following describes the tests. At the end, a shor 
period of higher power was enacted. 


Time 

Parameter 

Comments 


Dav 1 
0000 

Power 

Raised to 3.6 kW CW in 4 steps over 4.5 minutes. 
Waveguide pressure at 0.67x10“ N/m 2 (0.5x10“ 5 Torr.) 

0200 


Then to 3.75 kW after 20 minutes. 



VSWR 

1.17 


0110 

Cooling 

Water turned on; plate hot spot at 363°K (90°C) . 
Figure 6.5 for nominal temperatures held through 

See 
tests . 

0120 

Waveguide 

pressure 

5.86x10-3 N/m 2 (4.4xl0“ 5 Torr) peak. 


0320 

Pressure 

Dropped to 2.67x10-3 N/m2 (2xl0“5 Torr); tank at 
xl0-4 N/m 2 (0.8x10-6 Torr). Tended to vary with 

1.07 

small 



changes in cooling water rate. 


0720 

Pressure 

1.73x10*3 N/m 2 (1.3x10*5 Torr), hot spot at 363°K(90°C) 


1500 Pressure 

2400 No changes 

Day 2 

1200 Pressure 

Temperature 
2400 Pressure 

Dnv 3 

0600 Temperature 

Pressure 

1200 Complete 60 hours 

Pressure 

Temperature 

1230 Magnetic Field 
1240 Power 

Temperature 
Pressure 
1250 Pressure 

1304 Power 

1305 Power 
Pressure 

1306 Power 
Pressure 

1310 Power 


1,33x10" 3 N/m 2 (lxl0" 5 Torr) , Tank at 6,7xlQ" 5 N/m 2 
(Q.SxWT 6 Torr). 

Hot Spot to 36S°K (95°C). 

1.33x10" 3 N/m 2 ( 1 . 0 xl 0 ."S Terr), Tank at 8xlQ” 5 N/m 2 
(0.6x10-6 Torr). 

363®K (90°C) at hot spot. 

9.3x10"^ N/m 2 (0.7xl0* 5 Torr), Tank at 6,7x10-5 N/m 2 
(0.3x10"6 Torr). 

Held at 368°K (95°C) 

1 . 33xlO"3 N/m 2 (IxlO" 5 Torr). 

1.33x10" 3 N/m2 (1x10" 3 Torr), Tank 6.7x10*5 N/m 2 
(0.5xl0”6 Torr) 

Hot spot at 368°K (95°C) 

100 Gauss applied for 8 minutes. No effect 

Raised to 6.5 kW 

To 380°K (107°C) at hot spot 

Rising 

To 1.6xl0- 2 N/m 2 (12x10*5 Torr), temperature Is 380°K 
(107°C)at hot spot. 

To 7.2 kW 

To 9.0 kW for 10 seconds 
To 1.33xl0- 2 N/m 2 (lOxlO" 5 Torr) 

Back to 3.6 kW 

To 2.67xl0" 2 N/m 2 (2x10-5 Torr) In 5 minutes 
Off 
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Calculations warn performed on the rovaraa power, VfJWR, cooling, and 
magnetic Hold. 

Ruvnruu Power, Motor rondlng of 0.60 w with • -30 « ooupl« ™‘< » 16 d “ 
pods reverse power la U watts. Forward power waa 37->Q watts. 

VSWRs 1.17 

Radiation Coo Him : Assume temperature ovorop no about 343°K (?0 t V.) with 

IgPf ( 2 Q°C) ambient 

W - 0.1 (2 x . 6lQm x .915m) (37 x IQ"-*) 

- 0, l (2 x 24" x 36") (36.8 x 10‘ 12 ) <343* - 293*) 

■ 82 watta. 

Water Cooling : 

W ■ 1.16 x lO^cc (liters) per hour x A°K 

- 1.16 x 10 x 17°K 

■ 200 watts 

Power Dissipated for 3 dB loss: 

W » .068 x 3750 
» 225 watts. 

The difference can be ignored for a calculation of this 

me«eur™.nd eh. average plate temperature may change eon.tder.bly 

with changes in cooling water rate# 

Magnetic Field: The magnetic field scaling from the OH^teguirenent^to^the^^^^^ 

8. 3 6 GH z ~t e aT frequency nee based on the aame Initial 

which will juat grate the fat bro.dw.ll ln the 12 which wouW 

S3! 4 Sn3 C t fU l ld ITS'lS^STto^ the one O.ua. level, beyond 
this, It should have a negligible effect. 

6.4 RF LEAKAGE TESTS 

6.4.1 Requirement 

The leakage from the waveguide assembly was to be less than -80 dBW 
relative to a 1.5 kW signal at 12 GHz (an original specification of -90 dBW 
was relaxed to -80) . The same figure was assumed for the second harmonic 
except that signal would be no more than 15 watts, and considerably less for 
a good TWT. Thus the total radiation integrated over a sphere surrounding 
the waveguide assembly should show a total leakage of less than: 

fundamental -111.76 dB 

second harmonic -91.76 dB 
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Figure 6.6. Test Magnetic Field 


This can be measured at points on the fat— field sphere and Integrated. 
However, the leakage was not dev actable at that distance with the test setup 
used. The test horn was placed at the component, which increased sensitivity 
by about 10 dB in this case, and the power detected could then be assumed to 
be a point source. All point sources would then be added for a worst case. 


6.4.2 Facilities 


The tests were first performed in a shielded room. The effect of no 
rf absorbing material on the room’s walls was to make the location of the 
leakage points uncertain. This turned out to be only a minor problem here 
because all points of leakage turned out to be at flanges except for the termination 
holding bolt on the reverse power coupler; tightening eliminated this problem. 

Thus tests in an anechoic chamber were not required and the screen room tests were 
adequate* 

Th© test equipment assembled is shown in Figure 6*7 for the fundamental 
frequency tests and Figure 6*8 for the second harmonic tests* The rf source 
was fed through a waveguide window which wsb soldered in place to provide an 
rf-tight connection* 

The second harmonic signal of 50 mw was fed into the waveguide assembly 
through WR62 to WR112 tapers; one gave a TE 10 mode and the second provided 
a coupling of t e TEqi mode. 
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Figure 6 . 8 . Test Arrangement - Harmonic RF Leakage 


6.4.3 S ons itivi ties 

6 . 4 . 3-1 Fundamental 

*•1.3 

The teat equipment of Figure 6.8 had a noise level of 1.6 x 10 
watts. The calibration is shown on the Figure. A 10 watt signal gave a meter 
reading of -60 dB when attenuated 133 dB, and a -65 dB reading was noted w 

no input. 
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An estimate of the effective attenuation or leakage of the waveguide 
asiembly can be performed by using the one-way transmission formulas 

P - g (xmt) GJ . 02 » 

(rev) <4tt H)2 

whore R is the Car field distance for the Narda horn used. This horn had a 
maximum dimension of 7.5 cm (3 Inches) so 


2 

R* - 32.3 cm (12.7 in.) 

A 3 • o 

The leakage Gi, if uniform over the spheroid surrounding the waveguide assemble, 
would be obtained from: 


or 


1.6 x 10" 13 


(10W) Gi (31.6) (12.96) 
1.67 x 10 3 


G 1 - -111.9 dB 


This is about the maximum level of leakage permitted but there is no 
leeway to show any margin existing. The decision was to move the horn of the 
detector into the near field and assume the power variation is 1/R. Thus placing 
the receiving horn at about 3.18 cm (1-1/4 inch) from a possible leakage point 
would increase the sensitivity by about 10 dB. For a worst case then, the 
sources would be added for the most intense level. The total radiation leak- 
age would be assumed to be the sum of the individual point sources observed. 

Thus the basic sensitivity was considered to be about -122 dB. 


6. 4. 3-2 Second Harmonic 

The second harmonic was checked similarly. A different receiver head 
was used which had a noise level of about 2 x lO”^- 3 watts, and the horn gain 
was 17 dB. Far field from 2 D* resulted in an 27.9 cm (11 inch) distance for . 
d-5 cm (2 in.) and - 1.8 cm (.707 inches). Then 


2 x 10' 13 - (50 x 10“ 3 ) Gi (50) (3.24) 

1.256 x 10 3 

and 

G x - 3.1 x 10“ 9 
- -85 dB 

This is less than the desired sensitivity of -91.76 dB, so the horn again was 
moved into the near field. At 2.8 cm (l.l in), the estimated sensitivity was 

G x - -95 dB 

which is adequate for the current program. 

Note that the harmonics are heavily attenuated in the harmonic filter, 

40 to 60 dB, so no significant leakage source is expected beyond this component. 
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6.4.4 Measurements 


6. 4. 4-1 Fundamental RF Leakage 

The process of determining rf leakage was one of successively re- 
fining the measurement method and the corrective measures. The initial tests 
showed leakage from the rf source window into the screen room; it was 
eliminated by using a soldered flange to remove the stray leakage. 

Following this, several sources of leakage seemed to be present. 

These were traced to the two power monitor detector flanges which had been, 
shorted and to the second transmitter terminal at the dip lexer. The shorting 

flanges were thought to be adequate without . ^^ced^Thif was 

was used and the flange on the waveguide assembly had been faced. J^ 1 ® "*® 
not the case and some 56C conducting epoxy was applied to two of the junctions, 
and a soft copper shorting plate put on the third. These are not of concer 
since the final system should have both halves of a flange junctions faced 
carefully. Other flanges, in general, had no detectable leakage. 

The exception was the flange between the optical sensor input 
section and the reverse power monitor input flange. There appeared to be some 
leakage from the flange and also from the back of the flange which had been 
heliarc welded. Dip brazing would have avoided the latter problem. A fina 
system would also have required refacing of the flange, Some 56 £ c ° n ^ c ^ 8 
epoxy was used for expediency here at both the junction and the back of one 

flange. 

Following this, no rf leakage could ba detected in the assembly, 
using the test horn at a distance of about one inch from all susceptible 
points. None of the components had any indication of 1 ®® k ®8 efc broughthe 
vents; optical and multipactor sensors also did not radiate a detectable 
signal. The flanges not showing leakage had to be tightened to about th 
limit o' hand tightening with an Allen wrench to achieve the no-leakage 
condition. 


6. 4. 4-2 Second Harmonic RF Leakage 

The second harmonic signal was attenuated sufficiently by the com- 
bination harmonic filter and diplexer that no signal was detectable at the 
open output waveguide. The only significant source was the m ° un ^ n 8 bolt on 
the reverse power monitor termination. This was tightened and all signal 
disappeared. Both the TEj.0 and TE 0 i modes were checked. 


6.4.5 General Conclv ^ lons 

The waveguide components as developed have no significant sources of 
rf leakage. The recommendations are: 


1 . 


All flanges should be carefully faced, and lapping may be 
considered. Gaskets are suitable, but only if the flanges are 
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flat to a fraction of a mil and the flanges are heavily tightened. 


! 
i 

I 2. The photodiode mounting at the input to the waveguide assembly is 

I - not beyond cutoff to third and higher harmonics. This diode should 

' ■ j have appreciably more rf attenuation matetxal around the diode 

: i leads to insure no higher harmonic leakage. 





APPENDIX I. ELECTRICAL BREAKDOWN PREVENTION 


A special breakdown test section was fabricated and tested for multi pacting 
characteristics, as described in Section 5.7. The question arises: What can be 

done to eliminate multipactor breakdown in a component when it occurs? 

The preferred approach is always to change dimensions to operate remotely 
from the breakdown conditions. That is, the gap of the breakdown should be 
increased so the breakdown operating conditions of Figure 5.39 are avoided. In 
some cases, like for a waffle-iron harmonic filter, this is not always feasible. 

Two other approaches have been considered elsewhere in the past, and will be 
mentioned here for record purposes. The first approach was a coating of low 
secondary emission material. With such a material on the broadwall of the wave- 
guide, an electron accelerating to the opposite wall would remove an average of 
less than one secondary electron, and the multipactor effect would never build up. 

At least four materials are known which can accomplish this (ref. 18): tungsten 

carbide, titanium carbide, vanadium boride, and titanium boride. In a separate 
program, this approach was evaluated. The principal problem was the rf losses in 
the coated waveguide section. For a half wave long section of waveguide with 
tungsten carbide on one wall, the loss was measured to be over four times that of 
a standard waveguide. This becomes serious when the multipacting region is a small 
gap device. For a low height waveguide with a .018 cm (.007 in) between the broad- 
walls, as used in this program, the insertion loss was about 0.65 dB, or 14%. With 
the tungsten carbide on one surface, the loss from previous data would be about 57%. 
Thus this is not considered suitable for a high power system where surface multi- 
pacting might occur. The technique would be applicable to points and lines that 
are subject to breakdown and where the currents are limited in extent. 

A second approach, considered in a previous program (ref. 19), involved 
perforating one wall with holes to reduce the area by 50% or more. The perforated 
area is then backed by a biased electrode so only half the electrons accelerated 
to this broadwall of the waveguide will hit metal and generate secondary electrons. 
The effect is to reduce the secondary emission ratio to less than unity. 

A check on this type of operation was performed in two other programs, one at 
200 kHz (ref. 19) and the second at 8.36 GHz, following somewhat the test procedures 
of Section 5.7. At 200 MHz, the onset of multipaction was changed from 5.7 watts 
with no perforations to 10.8 watts with one surface partly perforated (less than 
50%). In the case of the 8.36 GHz, the problem was more difficult in that a small 
gap, like the .018 cm (.007 irj> in the present program, required holes of a similar 
size or smaller. Otherwise multipactor breakdown would occur in spots and the 
perforation would be ineffective. In addition, the holes should not be too thick 
or the electric field of the biased back-up electrode would be ineffective. A 
perforated surface wt.s prepared by photo-etching to create holes of .025 cm 
( 010 in.) diameter in a .025 cm (.010 in.)thick section of copper plate as used 
for a broadwall of the waveguide. The process tended to mechanically distort the 
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initially flat surface, but it was stabilised for testifig purposes by a snail 
piece o/dielectrlc inside the waveguide and knife-edge brace above the section. 

The perforated section tended to be lossy, as would be expected, but was only 
about twice that of plain copper, also about what would be expected. Thus in a 
.018 cm (.007 In.) high waveguide section, the loss with the perforated section 
would be 1.5 dB (30%) versus 0.65 dB (14%) for plain copper. 

An interesting aspect of both approaches was that the multipactor breakdown 
was still evident, but the magnitude was low and never to the point to result in 
tripping of the protective circuitry. In the case of the tungsten carbide, there, 
is a possibility that some gas was trapped in the flame-spray process used in 
depositing the material, which was about .0025 cm (.001 in) thick. Also, it 
had only a 90% purity which could have contributed to its lower effectiveness. 

The loss would still be significant, however. Initial tests showed a substantial 
outgassing, but tests were run up to a 2 kW level where the reflected signal 
turned the transmitter off. Signals were present on the multipactor probes from 
about the 700 to 800 watt level, but never of high intensity. With higher purity 
of tungsten carbide, this effect should decrease. 

The perforated wall testing included a measurement of current through the 
backup biased electrode behind the perforated area. Initial tests showed about 
2.5 microamperes with a +40 volt bias, and a detectable light 8 ^8nal by the photo- 
diode. The multipactor probes showed a small output at about the 1 kW level but 
was quite small up through 2.5 kW. The +40 volt bias was changed tozerovolts, 
then to -70 volts, and finally to as much as -300 Volts. These would reflect the 
electrons back where they would tend to be picked up by the grounded perforated 
plate rather than go through and return into the waveguide. Any that did go 
through would not be in synchronism to increase the multipactor effect. Finally, 
the negative field may have been strong enough to act as a biased broadwall which 
can also eliminate multipactor breakdown by not letting the electrons traverse the 
waveguide height. The final test at zero volts bias went to over 7 kW with no 
catastrophic breakdown, although some electron flow was observed. The general 
conclusion was that this technique is effective, but further effort would be 
desirable to assess the effect of the little breakdown bursts on Ae signal, ® i “ e1 r 
in terms of noise or increased VSWR. The perforated wall approach would be Ideal 
for the waffle-iron type harmonic filter where the top broadwall could be perforated 
just in the small area over each post while leaving the rest of the surface un- 
changed . 

Surface contamination during the course of the experiment from vacuum pump 
oil or other surfaces may have been responsible for the failure of the test fixture 
to clean up completely and cease multipacting, as expected, after the initial 
cleanup period. Further investigation into this area with a cleaner system 
further resolve the degree of effectiveness of the perforated surface technique fo 
multipactor suppression. 
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APPENDIX II, OUTGASSING OF CHOMERICS 1224 MATERIAL 


The problem of leak-proof seals for flanges In a waveguide assembly has 
been considered elsewhere in terras of off-the-shelf gaskets. The two types 
considered most suitable were the Chomerics, using Choseal 1224 material, and the 
aluminum type used in this program and described in Section 3, 3, 1-3, The aluminum 
type is patterned after a Parker Seal with some modifications. 

The possibility of Chotrterics 1224 gaskets has been explored in terms of 
determining the outgassing resulting after suitable baking in a vacuum. The seals 
were later used in the test facility with no serious problems. The outgassing 
measured was relatively low in the overall system, and appeared to be from some 
part of the system, probably the harmonic filter terminations, which were very 
sensitive to power level. On the basis of this situation, the use of Chomerics 
gaskets appears feasible as long as they are suitably processed before high power 
is turned on. 

Three samples were tested at 32.3°K, 373°K, and 423°K (50°C, 100 C, and 
150°C) respectively. The weight loss rate was checked after about 200 hours and 
was about 40 parts per million per hour at that time for operation at 423°K (150°C), 
and 14 and 2 parts per million per hour for temperatures of 373°K 100°C and 323°K 
50°C respectively. These might be significant for a large piece of material but in 
the waveguide assembly, the exposed material is the inside perimeter of the wave- 
guide 8.22 cm (3.238 inches) at 8.36 GHz and 5.71 cm (2.250 inches) at 12 GHz, 
multiplied by the compressed thickness, about .064 cm (.025 inches). 

A rough calculation was performed to estimate the equivalent pressure of the 
outgassing and sublimation from the material at the 40 parts per million per hour 
rate. The sample used in the outgassing/ sublimation tests weighed 9.72 grams, 
which translates to 0.81 x 10^ molecules if the density of the material is about 
four times that of water, or 12 x 10 grams. This is considered satisfactory 
for the purpose of this calculation. With a deterioration rate of .00004 per hour, 
then the number of molecules per hour is 3.24 x 10 18 , or 0.9 x 10j;> per second. 

The sample area was 24.1 so particles per cra^ were 3.73 x 10 per second. 

This emission of particles can be related to gas density if the emission 
velocity of the particles is known. This can be estimated from the energy relations. 

h m v 2 - 3/2 k T 

where k « 1.4 x 10*16 erg/°K and T° will be assumed to be 350°K (77°C) . Then the 
molecule velocity is; 

v • 35,000 cm/sec. 

Thus the molecular density in a cubic centimeter at the material surface is: 

density « 1.07 x 10® 


159 


Referring to charts, this Is equivalent to a gas pressure of about 

p . 4 x 10" 6 N/ro 2 (3 x 10’ 8 Torr) . 

In the case of the 12 GHz waveguide flange 8*^et, the^exposed 

and the material emerges Into a relatively larg ' Figure 5.4, Is 

are thus about 1.5 x 10* 3 . The pressing froj a r T^ r fslnlle 0.254 cm 

aatlmated roughly to be about 1.3 x 10"*» N/m (10 ° Torr; tor a sing 

(0.1 Inch) diameter vent, and less for more vents. 

This calculation shows that a low outgassing material like In the 
1224 gasket would be acceptable for space If an Initial baking Is performed an 
reasonable number of vents are Included In the waveguide componen s. 
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APPENDIX III. DIPLEXER DESIGN COMPUTER PROGRAMS 
A. Circular Waveguide Tachebycheff Filter (CHEBFIL2) 
Program (BASIC) 

S0LD C1JCBFIL2 

READY 

SL1ST V 

03/01/72 16*47 


00010 DIM F(60)# L(60># 6(60)# M<60># A(60) 

0 0020 READ FO# B# D 
0 0025 READ Nl# A! 

00030 READ N# B1 
0 0035 READ T5# S5 

00040 PRINT "CIRCULAR WAVEGUIDE TSCHEBYCHEFF FILTER" 

00050 PRINT 

0 0060 PRINT "CENTER FREQUENCY •"* FOI "MHZ"I") BANDWIDTH *"J 

00070 PRINT ' 81 ""•«* 

00080 PRINT "WAVEGUIDE DIAMETER *"» Dl "INCHES" 

00090 PRINT 

00100 PRINT "NUM8ER OF CAVITIES «"* Nil "I RIPPLE LEVEL *"l 

00105 IF T5 « 3 THEN 150 All "DB" 

00106 IF T5 <* 5 THEN 110 

00107 PRINT 

00108 PRINT 

00109 60 T0 330 . . 

00110 PRINT 

00120 PRINT "FREQUENCY"# "0ME6A P"# "ATTENUATION" 

00130 PRINT " MHZ"# "RADIANS"# " DB" 

0 0140 PRINT 

00150 LET C • 2.99793E4 
00160 LET PI » 3.14159265 
00170 LET P2 • 1.8412 
00180 LET LI • (2*Pl/P2)*D/2 
00190 F0R J * *N T8 N 

00200 LET I • J ♦ N ♦ 1 - 

00210 LET F< I ) • FO + J4B1 

00220 LET L(I> « C/FC I 1/2.54 

00230 LET 6(1) • L(I)/SQR(1 - (L(I)/LI)t2> 

00235 NEXT J 
00240 LET J1 • B/2/B1 
L 00242 IF (J1 - INT(Jl)) <» 0 THEN 260 
00250 LET Gt ■ G(-J1 ♦ N ♦ 1) 

00252 LET 62 • G(J1 ♦ N ♦ 1) 

00254 LET 80 • G(N ♦ 1) 

00256 60 T0 000 
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(III. A cont.) 


00260 

0 0262 
00264 
00266 
00270 
0 0272 
00274 
00280 
00282 
00285 
0 0290 
00292 
0 0293 
0 0294 

00295 

00296 
0 0298 
00300 
0 0302 
0 0305 
00307 
00310 
00312 
00315 
00318 
0 0320 

00321 

00322 

00323 

00324 

00325 
0 0326 
0 0327 
0 0328 
00329 
0 0330 
00332 

00335 

00336 
0 0340 

00341 

00342 

00343 

00344 

00345 
0 0350 
00360 
00362 
00370 
0 0372 


FI 
F2 
W1 
W2 
G 1 


Ml 
K2 * 

I * 

mci> 

M2 * 
M2 > 
M2 * 


CW1/L1 >»2> 
( W2/L 1 > ♦ 2) 


1 


FO - B/2 
FO ♦ B/2 
C/Fl/2.54 
C/F2/2* 54 
Wl/SQRCl - 
W2/SQRC1 - 
G CN ♦ 1) 

1.0 

EXPC Al/4* 343) - 
l T3 C2*N M> 

a 2*M 1*CG0 -GCI))/CG1 “ G2> 

ABS( MCI) ) 

1.0 THEN 305 
0 THEN 298 

LET T 1 * ATN< SQRC 1 • M2t2)/M2 > 

G0 T3 300 

LET ACI) * l 4. 343*L3GC 1 ♦ K2*C3SCN l*T 1 > * 2) 

G3 T3 310 ' ... 

LET T2 * L3G < M2 ♦ S0RtM2*2 5 

tcT AU> * A.3A3«L30<1 ♦ K2*( <EXP<N1»T2> 

IS? A<1> = !NTUOOO.A<I> ♦ O.SJ/IOOO 

LET M ( I ) ■ INTC 1000*MCI) ♦ 0.5)/1000 
IF TS s 3 THEN 320 
PRINT F C I ) # MCI)* AC I ) 

NEXT I 


LET 
LET 
LET 
LET 
LET 
LET 'G2 
LET GO 
LET 
LET 
F3R 
LET 
LET 
IF 
IF 


EXPC-Nl*T2))/2> »2 ) 


a 1 
* 2 
= 3 


THEN 

THEN 

THEN 


PRINT 
PRINT 
IF T5 
IF T5 
IF T5 
PRINT 
PRINT 
LET T5 * 

G3 T3 40 
PRINT 
PRINT 
IF S5 
IF 35 
PRINT'* 

G3 T3 350 
PRINT" 

GO T3 350 
PRINT" 

GO T3 350 
PRINT" 

DIM PC60) 
READ SS » LS 
FOR l * l T3 
LET P» * L* 


450 

330 

330 


1 


"FREQUENCY 
MHZ" 

3 THEN 342 
THEN 344 
50 


1.0 


ATTENUATION IN OB' 


40 


0*8 


30 


3 


0.6 


20 


0.4 


10 


0.2 


O' 


♦ +* 


C2*N ♦ 1) 
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(Ill .A Cont.) 

OOJVft LET PS ■ INT<S0M<b#f» • #•*> 
00382 IF Pi » SO THEN 3»« 

00384 LET JS • SI «P5 
00386 CHANGE PS t» P 
00388 LET PCJS) ■ 42 
0 0390 CHANGE P T0 PS 
00398 PRINT F(I)I SSI PS 
00400 NEXT ' I 
00410 PRINT 
00412 PRINT 

00420 DATA 12S00* 30* 0*833 
00425 DATA 3* 0*021 
00430 DATA 13* 5 
0043S DATA 4* SO 


00430 DATA I3i 
0043S DATA 4* 
00440 DATA ** * 
00442 DATA "♦ 
00450 END 


READY 


Printout 


S0LD CHEBFIL2 


READY 


00420 DATA 12500* 120* 0*833 
00425 DATA 4* 0*2 
00430 DATA 11* 15 
00435 DATA 4* 50 


$ SAVE CHEBFIL2 


READY 


S BASIC 
03/01/72 


17 1 12 


CIRCULAR WAVEGUIDE TSCHEBYCHEFF FILTER 


CENTER FREQUENCY • 12500 HHZI BANDWIDTH • 120 MHZ 
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(III. A Gone.) 




WAVEGUIDE DIAMETER ■ 0.833 INCHES 

NUMBER 3F CAVITIES * 4 I RIPPLE LEVEL ■ 0.2 DB 

FREQUENCY 0MEGA P ‘ ATTENUATION 

MHZ RADIANS DB 


12335 

12350 

12365 

12380 

12395 

12410 

12425 

12440 

12455 

12470 

12485 

12500 

12515 

12530 

12545 

12560 

12575 

12590 

12605 

12620 

12635 

12650 

12665 


>2.832 

39. 32 

-2.567 

36. 153 

-2.304 

32.035 

-2.043 

27*321 

-1.783 

21.781 

-1.524 

15.023 

-1*266 

6.635 

-1.01 

0.273 

-0.756 

0.184 

-0.503 

0.053 

•0.251 

0.057 

0 

0*2 

0*249 

0.058 

0.497 

0. 049 

0.744 

0. 191 

0.99 

0. 141 

1.234 

5.503 

1.477 

13.612 

1.718 

20.239 

1.959 

25.642 

2. 198 

30*205 

2.436 

34.165 

2.673 

37.668 



CIRCULAR WAVEGUIDE TSCHEBYCHEFF FILTER 

CENTER FREQUENCY * 12500 MHZl BANDWIDTH * 120 MHZ 

WAVEGUIDE DIAMETER ■ 0.833 INCHES 

NUMBER 3F CAVITIES « 4 I RIPPLE LEVEL * 0.2 DB 
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(Ill, A Gont.) 


F REQUENfcY 
MHZ 


AtTfcNUATlBN IN OB 


12335 ♦ 

12350 ♦ 

12365 ♦ 

12380 ♦ 

12395 ♦ 

12410 ♦ 

12425 ♦ 

12440 ♦ 

12455 ♦ 

12470 ♦ 

12485 ♦ 

12500 ♦ 

12515 ♦ 

12530 ♦ 

12545 ♦ 

12560 ♦ 

12575 ♦ 

12590 ♦ 

12605 ♦ 

12620 ♦ 
12635 ♦ 

12650 ♦ 

12665 ♦ 


TIME 0.78 SEC. 


HEADY 


•‘tf ’fto* 1 ': 
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B, Directional Tnchnbychoff Filter Doalgn (CHEBFIL3) 
Program (BASIC) 

SU.S'l CHKI'F 1 1-3 
02/26/72 17*03 


(1 00 10 
0 0080 
00030 

OOOAd 

0 00 so 
0 0060 
0 0070 
0 0080 

0 0090 
00100 

001 10 
00180 
00130 
001 AO 
0 01 SO 
00160 
00170 
OUl 60 
00190 
0 0800 
0 0810 
0 0880 
0 0830 
0 0840 
0 08 SO 
0 0860 
00870 
00880 
0 0890 
0 0300 
0 0310 
0 0380 
00330 
0 0340 
00350 
0 0360 
00370 
00360 

• 00390 
00400 
00410 
0 0480 
00430 


READ 1*0# B 
READ 1'# AO# BO 
REAL M# A1 
hh.AD WO 

PRINT "DIRECTIONAL 


PR 1 m 
PRINT 
BRIN! 
BR I NT 
PRINT 
Bh I N’l 
PRINT 
PRINT 
PRINT 
Bh 1 NT 
LET C 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LET 
LEI 
LET 
LET 
LET 


TS0HF.BY0HF.FE FILTER LESION" 
"CENTER FREQUENCY 


FO* "FHZ"J"J BANDWIDTH 


"WAV ECU IDE DIAFETER 
"RECT WAVEGUIDE DIF * 


S "j p; "INCHES" 


AO t "# B *"1 BO* 


"NUNBF.R OF CAVITIES ="1 Nil "1 KIBBLE LEVEL 


B 1 
B2 
LI 
El 
F2 
V?1 
V.2 
G 1 
G2 
VO 
GO 
HI 
B2 
RO 
G5 
VS 
RS 
D8 
F 2 
F.4 
S4 
F 8 
Cl 
CP 
C3 
C4 
L>1 


"UNLOADED CAVITY Q 00 

= 2.99793E4 
3.141S926S 
1.6412 

<2*Pl/P2>*D/2 
FO - B/2 
EO + B/2 
C/Fl/2.54 
C/F2/2.S4 
V.1/SQR(1 - 
W2/SQRU - 
C/F0/2.S4 
VO/SQR( 1 - 
Vl/SQRU - 
W8/SQRU “ 

VO/SQKU - 
SQR(G1*G2) 

GS/SQRU + 

V5/SQRU - 
1/QO 

l/SQR<EXB<Al/4.343) - 1) 
(LOGIN 2 ♦ SQR(N2»8 ♦ l)))/4 
(EXB<F4) - EXB(-F4))/2 
( Gl - G2)/GS 
2»61 *S4*FB 
(1 + 3.4l*S4t2)*E8»2 

S4*(1.69 ♦ 2.61*S4t2>*Fb»3 
(0.125 ♦ S4»2 ♦ S4»4)*F8»4 
Cl/2 - D2 


(Vl/LU t2) 
(V8/LI ) »2) 

( WO/LI > *2) 

(V1/(2*A0>> *2) 
(W2/(2*A0) ) *2) 
( VO/ ( 2 ♦AO ) ) * 2) 

(GS/t 1 > *2) 
(U5/(2*A0> ) *2) 


s"J BJ 
"FHZ" 


"INCHES" 
=" ; All 

• •ftp" 
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(ra.B cont.) 

00440 LEI P4 
00/1 SO LET K4 
0 0/400 I, El K3 
00/«70 LEI Kl 
00 A HO LET K R 
00490 LET F5 
00500 I. El HI 
00510 LET HP 
00520 LET N3 
00S30 LET NS 
00540 LF1 H3 
0 0550 LET H4 
00550 t.Fl HI 
00570 LEI H2 
00 580 LET S5 
00590 LEI SI 
00600 LEI S2 
00610 LEI L2 
0 0620 LEI XI 
0 0630 LF.l XO 
00640 LEI Q1 
00650 LEI B6 
00660 LEI C6 
00670 LET N6 
00680 LET D6 
00690 LEI H6 
00700 LF1 HO 
00710 LET B3 
00720 LEI SO 
00730 LET LI 
00740 LET K5 
00748 LET K7 
00744 l.FT K6 
00746 LF.l K8 
0 0750 PRINT 
0 0752 HE INI 
0 07 54 j-TilNT 1 
0 07 56 Phi NT 
00760 Phi NT * 
00770 PHINI 
007 HO Phi NT 1 
00790 PKIN1 1 
00800 PRINT 
00810 PHINI 
00820 PRINT 
00830 PRINT 
00840 PRINT 
00850 PRINT 
00860 PRINT 
00870 PRINT 


oita + 3*mtH*PP ♦ a*pi*i)2tfl «• Pfita 

<ca - cr*<pi ♦ hr) + p4 > / < p I - PR) 

SQh ( 04 " K4*P1»R) - H1*PR 
SQR < K 3 ) 

S0H<K4) 

2* < W 5/0 5 ) t R/p 1 

M5/K1 

M5/K2 

3*D 1 3/4 « 2 

2*0/05 

N3/ <81 *N5 ■ ♦ 2 • 34<t ) 

N3/<B2*N5 + 8.344) 

EXP (LOG <H3) / 3) 

EXP < LOO < H4 ) / 3 ) 

G5/<4*P1 ) 

S5*ATN< 2/Bl ) 

S5*AT N< 2/H2 ) 

05/2 - SH - SI 
ATN(2*A0/H5) 

X1*A0/P1 

1 / 1)1 

<2*P1/Ql ) t2* <0 5/W 5) 1 4 
SQRCB6 + <B6/2)»2> - B6/2 
27*A0 1 3*B0*P 1 2*G 5 
8*Plt2*R5*(SIN<Xl))t2 
<N6/D6)*C6 
EXP (L0G(H6)/6) 

CN3/H0 »3 - 2 • 344 ) /N5 
S5*AT N< 2/B3) 

G5/2 - SI “ SO 

<02 - K4 - Pltp - 4*P1 *D2 - P2t2>/2 
i (C3 - 2*K4*m - 2*D1*D2»2 - 2*D1 1 2*D2 ) / < R*< PI 
i SQR<K5) 

5 SQR< K7 ) 


"WAVELENGTH IN AIR =”) WO) M INCHES” 

”0 1 RC GUIDE WAVELENGTHS IN INCHES” 

” G 1 = ”) 01 

” OC =”) 00) ”) KEAN GO ** G5 »”) 05 
” 02 *”) 02 

"RECT GUIDE WAVELENGTHS IN INCHES” 

” R1 =”) HI 

” HO =”) R01 ”) FEAN HO * R5 «") R5 
RP I R2 


H2) ) 
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ft 

D2 a" I 

DPI 

SA o"l 

SAI "* 

FB 

ft 

Cl B " I 

C1J "* 

C2 a" 1 

C2 


ft 

C 3 a" * 

C3I "# 

CA a” ) 

CA 


ft 

D1 ="1 

Dll "* 

LOADED 

Q 1 a" I 

Ql 

ft 

K1 a" I 

HI I "* 

K2 *"l 

K2 


t# 

ALT K1 

FROM EQ 

2 *" I 

K6 


ft 

ALT K 1 

FROM EQ 

3 a"J 

K8 



(m.B Gone.) 

00R80 PRINT "DESIGN CONSTANTS" 

0 0890 PH I M 
0 0900 PH I NT " 

0 0910 PH INI 
009P0 PRINT " 

00930 PRINT " 

0 09/tO PRINT 
00950 PRINT " 

00960 PRINT 
00970 PRINT " 

00978 PRINT 
0 097/1 PRINT " 

00976 PRINT " 

00990 PRINT "IRIS SUSCEPTANCRS AND HOLE SIZES" 

01000 PRINT „ Q1 _ M| nl , 

01010 PRINT " F.QUIV BO »"». B3J » B1 J Bl; 

0 1080 PRINT .. tl , U1 . 

01030 PRINT " HO HOI » HI * • HI * 

OlOAO PRINT 

01050 PRINT " CAVITY LENGTHS" 

01060 PRINT 

01070 PRINT " SO *"! SOI "* 

010P0 PRINT 

0 1090 PRINT " LI ■"! LH "* 

0 1100 PRINT 

OHIO PRINT "WAVEGUIDE CTR LINE OFFSET 
01100 PRINT 

01130 PRINT " XO «"1 XOJ "INCHES" 

0 l l AO PRINT 
01150 DATA 8350* 92 
01160 DATA 1 •250* 1*122* 0.A97 

01170 DATA A* 0*2 
01180 DATA 10000 
01190 END 


B2 «" I BP 
, H2 »" I H2I "INCHES" 


SI a” * SI I 


52 =" I SP 


LP a"J L2* "INCHES" 


READY 


Printout 

DIRECTIONAL TSCHKBYCHEFF FILTER DESIGN 

CENTER FREQUENCY a 8350 MHZ I BANDWIDTH = 92 MHZ 

WAVEGUIDE DIAMETER a 1.25 INCHES 

h EC 1 WAVEGUIDE DIM* A a 1.122 * B * 0.A97 INCHES 
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(IIT.B Cont.) 

NUMBER OF CAVITIES * A i RIPPLE LEVEL a °.2 DB 
UNLOADED CAVITY Q ■ lOOOO 

WAVELENGTH IN AIK » 1*41352 INCHES 
CIRC GUIDE WAVELENGTHS IN INCHES 
Gt * 1.90635 

GO = 1.88758 l FEAN GO = 65 a i. 88771 
G2 = 1.86926 

RECT GUIDE WAVELENGTHS IN INCHES 
R 1 a 1.83678 

HO * 1.81998 i FEAN HO a R5 * 1.82009 
R2 a 1.80353 

DESIGN CONSTANTS 

D2 a 0.0001 # S4 a 0.587461 > FB * 1*96495 E-2 

Cl a 0.030128 * C2 a 8.40475 E-4 
C3 a 1.15466 E-5 > C4 a 8.78361 E-8 

Dl a 0.014964 > LOADED Q1 = 66.8271 

K1 a 1.51326 E-2 $ K2 a 1.24503 E-2 

ALT K1 FROM EQ 2 a 1.50922 E-2 
ALT HI FROM EQ 3 a 1.50922 E-2 

IRIS SUSCEPTANCES AND HOLE SIZES 

EQUIV BO a 1.57041 » fll ' 23*5902 » B2 » 28.6724 

HO » 0*68067 . HI = 0.346324 » H2 a 0.325867 INCHES 

CAVITY LENGTHS 

SO * 0.13597 > SI a 1.27054 E-2 > S2 a 1.04614 E-2 
LI a 0.795181 > L2 a 0*92069 INCHES 
WAVEGUIDE CTH LINE OFFSET 
XO = 0.317618 INCHES 

T IFF. 0*51 SEC * 




C. Iris Hole Diameter Correction by Cohn's Corrected Equations (H0LC0R2) 
Program (BASIC) 


00130 data 0.300# o.oio# a 

tSAVF H3LC0R2 

READY 


*LIST 

03 / 01/72 


15:15 


0001 0 
00012 
0001 4 
00016 
00020 

00030 

00031 

00032 
00034 
0003.6 
00040 
00050 
0005R 
00060 
00062 
00065 
00070 
00020 
00090 
00092 
00094 
00100 
00102 
00104 
001 10 
00112 
001 14 
00116 
001 IP 
00120 
00130 
00150 


Pill)# 
HID* 
.ROD# 
N(in> 

con# 

"IRIS 

tl 


DIP 
DIP 
DIP 
DIP 
DIP 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
L.F I T 
LET WO a 
RFAD PI# 
FOR J 


DC 1 1 ) 

son 

Tm> 

well) 

EC11) 

WOLE DIA CORRECTION PY DOWN’S CORRECTED 
FOR SEVERAL INITIAL DIAPETERS" 


EOS’ 


" J", " PAG POL’S ’’ D INCHFS’S ” CORRECTION" 


= 0.030 

1.41352 
D?» N 1 
1 TO N 1 

s 


s 

LFT DC J) 

LET PCJ) 

LFT CCJ) 

LET F.CJ) 

LET PCJ) 

LET RCJ) 

LET” NCJ) 

LET SCJ) 

LET 1CJ) 

LET WC.1) 
PRIM 
PRINT 
PRINT 
PRINT 
PRINT 
NEXT J 
DATA 0.300# 
FND 


D 1 ♦ CJ - 1 )*D2 
CDC J) ) t3/6 

Cl - C1.7*DCJ)/W0)»2) 
FXPC C1.6*T/DCJ))*SQRC 

pcj)/cej) 

PCJ)*ECJ) 

PC J)*EC J) 

FXPC1.0GC 6*PC J) )/3) 
EXPCL0GC6+RCJ) )/3) 

EXP CLOG C6*NC,1) )/3) 


CCJ) )/0.4343 ) 


J# 

PCJ)#- DC J) # " 

N0NF" 


It 

"# 

PCJ)# 

SCJ)# 

ft 

SIZE 

AL0NF 

It 

"# 

RCJ)# 

T C J ) » 

It 

T AL3NF" 

It 

"# 

NCJ)# 

HCJ)» 

It 

SIZE 

AND T 


0 . 010 # 6 
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(III.C Cont.) 
Printout 


IRIS MiLE PIA CORRECT 1 0lt JT C0R**t t*R*FCTED EOS 
FOR SEVERAL INITIAL DIAMETERS 


.1 

MAG POL 

D INCHES 

CORRECTION 

1 

0.0045 

0.3 

NONE 


' 5.17347 E-3 

0.314876 

. SIZE ALONF 


6.34503 E-3 

0*336404 

’ T ALONE 


7.29462 E-3 

0*352413 ^ 

SIZE. AND T ' 

9 

4.96517 F-3 

0.31 

NONE 

1 

5.76675 E*3 

0.325857 

SIZE ALONF 


6.91205 E-3 

0.346141 

T ALONE 


8. 02794 E-3 

0.363847 

SIZE AND T 

3 

5.46133 F-3 

0.32 

NONF 


6.41087 F-3 

0.337564 

SIZE ALONE 


7.51 179 F-3 

0.355876 

T ALONE 


8.81783 F-3 

0.375409 

SIZE AND T 

4 

5.9895 E-3 . 

0.33 

NONF 


7.10932 E-3 

0.349403 

SIZE ALONE 

4 

8. MSI! F-3 

0.365608 

T ALONE 


9*66796 F-3 

0.387105 

SIZE AND X 

5 

6.55067 F-3 

0.34 

NONF 


7.86589 F-3 

0.361382 

SIZE AL3NF 


8.81288 E-3 

0.375338 

T AL3NE 

* 

1.05823 F-2 

0.398943 

SIZE AND T 

6 

7.14583 F-3 

0.35 

NONF 


8.68463 E-3 

0.373509 

SI ZF ALONF 


9.51595 F-3 

0.3H5065 

T ALONF 


1.15651 F-2 

0.41093 

ST?F AND T 


\ 


TIME 0.32 SFC* 


APPENDIX IV 


DC HIGH VOLTAGE BLOCKING FLANGE FILTER DESIGN PROGRAMS 


The following Fortran programs were used for computing the element values of the 
bandstop filter sections of the DC high voltage blocking flange, Section 5.8. 


A. One Resonator Case 

ready 

SLIST WGCH1 


09/24/70 15.350 

C0P10 * CALCULATE LINE IMPEDANCES OFA A l-SECTION CHOKE LESION 
00020 * BASED ON PAGES 32 - 35 OF NOTEBOOK #967 <MTT-12/ *1* P«6> 
00030 DIMENSION ZSTUB< 3)/Z< 2/ 3) 

£ 00.40 READ: YAz FC/ DELFz F 1 RAT/ 00/ 6 1 / 02/ 03/ 04 
60045 F1=(F0-DELF)/F1RAT 
d, GO 50 PI =3* 14159 265 

00060 SCALE=CQT ANC < PI /2 » 0) * C F 1/FO) ) 

0 0G7O 2STUEC 1 ) = l • 0/ ( /A/C SCALE* OP* 01)) 

00075 ZA= 1 » /’/A 
mill Z E* 1 » /¥ A* 06* 0 3 

0 0 120 PRINT t ,, ZsTUb**"/ Z STUE< 1 ) / "ZLI NE» M / Z< 1/2) 

0 0 1 30 PHI N T: "Z STUD* "/ L ST JL < 2 ) / **ZLI NE*» ”/ Z ( 2/ 3 ) 

0014O PRINT :”ZSTUb="/ZSTUb< 3) / "ZLLOAD=”/ ZB 
00156 PRINT J "SCALE* "z SCALE/ "Z SOURCE*’*/ Z A 
0 0 160 o'i OP 
6 0176 END 


B. Two Resonator Case 

READY 

iLI ST wGCH2 
09/24/ /0 15.079 


00010 + CSLCULATE LINE IMPEDANCES uF A TWO SECTION CHOKE DESIGN 

60020 * EASED ON PAGES 32 - 35 OK NOTEBOOK #967 CriTi-12/ #1* P*6> 

0 0030 DIMENSION ZSTUBC 3) / Z( 2/ 3) 

i> i-nAo READ: TAz FOz DELf/ K UuViz 06/ Glz 02/ 03/ 04 

;10! 45 Kl = <FO-DELF)/KlivAT 

60650 PI =3*14159265 

f. OR60 SCALE»COT'Aw< ( Pi /2.0>*C Kl/FG) ) 

f . .('.Vi: ESTUbC 1)= 1 •/< i A*< 1 •+ 1 »/C SCALE* 6 6+0 1 ) ) > 

0i‘ V b ZA^-l./fA 

('. ;ii.vC L( 1/ 2) = 1 » 0/< T A* ( 1 .fH SCALE+06+Gl) ) 

0 609 1 ESlUb( 2)= 1 *6/< 'i A+ CifcJ) / ( SC ALL* G2) 

00111 1 » /f A+G0+G3 

0012U PuINTI ”ZSTUM= "/ /.ST U13C 1)/ "ZLINE= M /ZC 1/ 2) 

06130 prim :”ZSTU13= M /ZSTUB< «>/ "zi.IaE»”#sc 2>3) 

0 0 140 DPI NT * "ZbT UB- M z Z ST UB( 3) / ’’ZLL'J AL= M / Zb 
00.156 print: “scale= m / scale/ ”zsuUi.ct.= "/ZA 
.•0 166 STuP 
0 0 170 END 
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(IV Cont.) 


C. Three Resonator Gate 
JbLIST VIGCM3 


09/84/70 16.784 


00010 
00080 
00030 
00040 
00045 
00050 
0 0060 
00070 
00075 

00090 

00091 
00100 
00110 
00111 
00120 
00130 
00140 
00150 
00160 
00170 


♦CALCULATE LINE IMPEDANCES OF A THHEE SECTION CHOKEDESIGN 
♦ BASED ON PAGES 32 - 35 OF NOTEBOOK #967 CM Vi* 12# *1# P*6) 
DIMENSION ZSTUBC 3) *Z( 2# 3) 

READ* YA# F0* DELF# FI RAT* G0# G 1 * G2* U3# G4 
F 1 * C F0- DELF ) / F 1 RAT 
PI *3*14159265 

SCALE* COT AN < (PI/2.0)* C Fl/FG) ) 

2 STUBC 1)*1./(YA*C 1 •+ 1 »/( SCALED G0+G 1 ) ) > 

Z A* 1 « /YA 

2( 1#2)*1.0/<YA+C 1»0+SCALE^60^G1)> 

ZSTUBC 2>»l*0/( YA^G0>/CSCALK*G2> 

ZC 2* 3) * 1 •/( C YA+G0)*C 1 • + SCAL1C*G3*G4) /04) 

ZSTUBC 3)* 1 • 0/( C YA*G0)^( 1 • 0+ 1 *t’/( oCALE^G3* G4) ) /G4) 

ZB*G4/( YA^GO) 

PRI NT* "Z STUB* '** ZsTUBC 1 >* ”ZLINE*'*#Z( 1*2) 

PRINT* *'Z STUB**** ZSTUBC 2)# "ZLtNE»"*Z( 2* 3) 

PRI N T * **Z STUB* *’* Z STUBC 3 > # **ZLLO AD* "* ZB 


PRINTS ’’SCALE*”* SCALE* *'Z SOURCE* *'*Z A 


STOP 

END 




SECTION VII 
REFERENCES 


1. Haviland, R.P., Foster, D.E., and Dysinger, J.H., An Investigation of Net 
Television Distribution Satellite Systems - Volume II, Technical Report, 
Prepared by General Electric Co., Space Systems Operation, Philadelphia, for 
the Public Broadcast Service, Washington, D.C., Febtuary 1971. 

2. Johnson, F.O., "Interference Emission Filtering in High Power Microwave 
Transmitters", Micrewave Journal, January 1970, paged 67-72. 

3. Microwave Engineers Technical a nd Buyers Guide, 1 Febtuary 1968, published 
by Microwave Journal. 

4. Multikilowatt Transmitter Study for Space Communications J ol £“ e 

II, Technical Report, Phase II, General Electric Company. J ™ L1 ^®J pl hla ’ Pa ” 
for NASA/MSFC, Huntsville, Ala., Contract NAS8-21886, 30 July 1969. 

5. Dushman, S. , and Lafferty, J.M. , Scientific Foundations of Vacuum Techniq u e , 
John Wiley and Sons, Inc., New York, 1962. 

6. Scannapieco, J. F. , Eagles, A. E. , and Amore, L. J. , MKTS Materials Evalua- 
tion Final Report, Task B-2 Report, ContractMS8-21886, {^®® r ** ht 

Company, Space Division, Philadelphia, Pa., for NASA/Marshall Space Flight 

Center, 15 January 1969. 

7. Schiffman, B. M. , and Matthaei, G. L. , "A new Type of low ® Tech- 

Attenuates by Dissipation", IEEE transactions on Microwave Theory and Tech 

niques, September 1965, pages 699-700. 

8. Price, V. G. , Stone, R. H. , and Met, V., "Harmonic Suppression by Leaky-WaU 
Waveguide Filter", IRE Wescon Convention Record, Part 1, 1959, pages 112 118. 

9. Levy, R. , "Analysis and Synthesis of Waveguide Multiaperture Directional 

Couplers", IEEE Transactions on Microwave Theory and Techniques, V . , 

No. 12, December 1968, page 995. 

10. Matthaei, G. h. , Young, L. , and Jones, *. M. T &£jSBg|J3Usa. ■ JjgSt 
Matching Ne«-^ks, and Coupling S tructures, McGraw Hill, New York, 1964, 

Section 5.10, pages 229 through 242. 

it tt 4 ii 4 ama o t "A Three-Cavitv Circularly Polarized Waveguide Directional 
Filter Yielding* a Maximally Flat Response", IRE transactions on Microwave 
Theory and Technique, September 1962, pages 321 to 328. 

12. Strock and Koral, Handbook o f Air Conditioning, Heating, and Ventilation , 
Industrial Press, New York, 1965, page 5-79 

13. Reference For Radio Engineers , International Telephone and Telegraph 

Corp. , New York. Fourth Edition, 19 , page 583. 


174 


14. Ramo, S. , and Whinnery, J. R. , Fields and Waves In Modern Radio , John Wiley 
& Sons, Inc., New York, 1944, Page 376. 

15. Southworth, Principles and Applications of Waveguide Tran smission, D. Van 

Nostrand Co., Inc., New York, 1950, page 104-106. 

16. Schlfftnan, B. M. , and Matthael, G. L. , "Exact Design of Band Stop Filters", 
T F.P.E Transactions on Microwave '"heory and Techniques, Vol. 12, January 1964. 

17. See Ref. 11, Chapter 4. 

18. Vlestra, A., and Butman, R. C. , Secondary Emission Characteristics of High 
Power Microwave Tube Surfaces, Lincoln Laboratory, MIT Technical Report No. 
257, February 1962. 

19. Development of Circuitry for a Multikilowatt Transmitter for Space Communica 
tions Satellites, Technical Report, General Electric Company, Philadelphia, 
Pa., for NASA/MSFC, Huntsville, Alabama, Contract NAS8-24771, 20 February 
1971, pages 168 to 173. 


175 


■v* 




-ana* rwm ■nragg g vs hew ; i\ 






s 

| 

»p 





